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Preface 


Single-molecule studies constitute a distinguishable category of focused re¬ 
search in nanoscience and nanotechnology. This book is dedicated to the in¬ 
troduction of recent advances on single-molecule studies. It will be illustrated 
that studying single molecules is both intellectually and technologically chal¬ 
lenging, and also offers vast potential in opening up new scientific frontiers. 
We wish to present the readers with several different techniques for studying 
single molecules, such as electron-tunneling methods, interaction-force mea¬ 
surement techniques, optical spectroscopy, plus a number of directions where 
further progress could be pursued. We hope the work may assist the readers, 
especially graduate students and those who wish to explore single molecules, 
to become familiarized with the pace of the progress in this field and the 
relevant primary techniques. 

Due to limitation of space, we are not able to elaborate on the technical 
details of all of the experimental methods that are vital in single molecule 
studies, so introductions to only selected experimental methods are touched 
in the context. Since the technical details and theoretical analysis of these 
techniques have already been thoroughly covered in many literatures, we only 
provide introductions to the basic principles of the detection techniques here, 
and focus on their experimental achievements in the area of single-molecule 
studies. These techniques have proven to be highly effective when indepen¬ 
dently used. The combination of those techniques could lead to further ad¬ 
vances in the detection capabilities. Additional readings on the theoretical 
analysis of techniques are crucial for understanding the advantages, as well 
as limitations, of these detection techniques, and therefore are highly recom¬ 
mended. 

This work has been endeavored as the result of the encouragements 
from many colleagues ■working w T ith the authors. We have benefited greatly 
through communications with our colleagues throughout the preparation of 
this manuscript. Dr. Fang Xiaohong, Dr. Shang Guangyi and Dr. Qiu Xiao- 
hui kindly reviewed the manuscript and provided valuable suggestions. The 
understanding and generous support from the family members are also most 
gratefully acknowledged. We also wish to thank the Springer editor of this 
book, Dr. C. Ascheron, for his patience and support throughout the prepara¬ 
tion of the manuscript. Wc arc also indebted greatly to Dagmar Rossow for 
enormous effort putting this manuscript into the final book format. 


Beijing 
Mav 2006 


Chen Wang 
Chunli Bai 
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1 Introduction to Single Molecule Chemistry 
and Physics 


We have learned a great deal about molecules from different aspects, thanks 
to pioneering investigations by generations of researchers. In particular, with 
recent major technological breakthroughs in manipulating individual atoms 
and molecules using scanning probe microscopy (SPM) and optical spec¬ 
troscopy methods, the interest in examining individual atoms and molecules 
directly, based upon structural characteristics and other properties, have be¬ 
come unprecedentedly strong and also practical. 

Characterization of individual atoms and molecules has continued to be 
a scientifically attractive and challenging task for a long time. The behavior 
of single molecules is closely related to their immediate environment. We 
will compare the uniqueness of single molecules bound to surfaces studied by 
scanning probe microscopy, and the behavior of single molecules in solutions, 
using fluorescence microscopy. The chemical specificity, structural geometry 
and other characteristics of surfaces and interfaces provide rich environments 
(mostly two-dimensional) for single molecules. Solutions, on the other hand, 
represent a different category of experimental conditions, which provide a 
homogeneous microscopic environment that can be adjusted by solvents. 

With the aid of SPM, we have made direct observations of arrays of 
atoms and molecules on surfaces, and of individual adsorbed monodispersed 
species as w T ell. The capability of precision control of probes positioned over 
the species provides us with solid means to investigate various aspects of 
molecules laying on surfaces. It could be considered that assessing the struc¬ 
tural characteristics of surface-bound molecules is essentially straightforward. 
However, it needs to be cautioned that rigorous data collection still requires 
substantial experimental as well as theoretical efforts. 

It has been shown that the presence of minute amounts of adsorbed atoms, 
less than one monolayer coverage, can appreciably alter the local density of 
states and barrier height. The information collected to date is far from con¬ 
clusive in many cases, and very often significant background signals, either 
from the substrate or in the form of noise from the scanning probe, lead to 
ambiguous experimental data. Many classical theories and experimental tech¬ 
niques have been dedicated to looking for the optimal approach for individual 
molecules, with continued encouraging results in many respects. 

The signature of atoms and molecules, in either the free-moving or surface- 
bound state, has been recorded by various spectroscopic measurements in- 
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volving electronic, mechanical, magnetic, and optical properties. Traditional 
methods based on the tunneling technique have proven successful in certain 
domains in this field, and magnetic and optical approaches, in conjunction 
with the SPM technique, also show very promising potential. This infor¬ 
mation is crucial in identifying individual components needed for compari¬ 
son with well-documented data. Tunneling spectroscopy is a seemingly very 
promising path in realizing our goal of single molecule chemical specificity 
recognition. Recent reports on the stretching mode of C 2 H 2 by scanning tun¬ 
neling spectroscopy (STS) certainly promote this work. The concept of nu¬ 
clear magnetic resonance, combined with magnetic force microscopy (MFM), 
has injected new hope in this conquest. 

Deeper investigations using the SPM method require not only a presum¬ 
ably atomically sharp probe, but furthermore a more chemically and physi¬ 
cally specific probe. From the practical point of view, there are a large number 
of candidates to be explored for this purpose. As examples, C@o and carbon 
nanotubes have been shown to function as superb probes once attached to a 
tip apex, molecular crystals could substantial^ increase the throughput of the 
near-field scanning optical microscopy (NSOM) fiber probe, and sharp edges 
of crystallites could also be used as special probes. This exploratory work al¬ 
ready suggests that these functional specific atomic (molecular) probes have 
great potential in leading to more powerful atomic microscopy. 

The capability of nanometer-scale manipulation and fabrication further 
promotes chemical reactivity studies at the molecular level. It is clear that 
the recognizing capability of SPM is advancing beyond the structural regime 
to a regime of spectroscopic characters. The above-mentioned progress is not 
yet at the stage of recognizing individual atoms or molecules randomly, but 
concerns rather the functional specificity associated with the individual com¬ 
ponents. Nevertheless, the achievements have already produced far-reaching 
impacts on research endeavors at single molecule scale. This effort has greatly 
enriched the scope of SPM, leading to the development of new microscopy 
techniques. This could be benefecial for fundamental research in physics and 
chemistry as well as in fields with important application potential. 

As a major category of SPM techniques, atomic force microscopy (AFM) 
and related microscopies are based on the interacting force between probe and 
sample. Versatile experimental conditions (vacuum, ambient, liquid) have led 
to AFM and related microscopies beeing commonly used in surface analytical 
studies. The pursuit of nanometer-scale mapping of surface compositions us¬ 
ing AFM-derived techniques has produced many illuminating results. With 
high spatial resolution capabilities, such efforts should provide insightful in¬ 
formation complementary to other surface characterization techniques. In ad¬ 
dition, force spectroscopy based on AFM techniques provides an important 
approach for studying the mechanical properties of single molecules. 

Single molecules have been an inspiring subject for molecular device stud¬ 
ies. Electron transportation through various molecular systems can be af¬ 
fected by internal molecular structures and environmental factors, and has 
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become a test ground for many experimental and theoretical methods. Ad¬ 
vances in this field could enrich our understanding of the physical and chem¬ 
ical properties of single molecules. 

Recent progress in optical microscopy has allowed scientists to optically 
detect individual molecules and to conduct single-molecule spectroscopy as¬ 
sessments, which form another frontier of related research. These optical tech¬ 
niques provide high temporal resolution suitable for dynamical studies, but 
have less spatial resolution. Whereas near-field microscopy is capable of imag¬ 
ing single molecules with a spatial resolution beyond the diffraction limit, 
conventional optical microscopes and spectroscopies can be used to investi¬ 
gate single molecule behavior for very dilute samples. The most widely used 
approach is fluorescence detection, used for single molecule work at both 
cryogenic and ambient temperatures. 

Last but not least, the enhancement of Raman signals at single molecule 
level is briefly discussed. Owing to the extremely small scattering cross section 
of Raman detection for molecules, the enhancement effect is crucial for study¬ 
ing single molecule vibrational characteristics. The results from nanoparticle- 
induced enhancement and preliminary work on tip-induced enhancement ef¬ 
fects reflect the novel achievements on this front. 



2 Basics of Electron Tunneling Processes 
and Scanning Tunneling Microscopy 


2.1 Principles of Tunneling Processes 

The term electron tunneling process has been coined to describe the pene¬ 
tration of electrons through a classically impenetrable energy barrier. The 
theoretical treatments of such processes have been well established in the 
framework of quantum mechanics and successfully applied to resolve many 
important experimental phenomena. A recent example can be seen in the 
development of scanning tunneling microscopy (STM). Great effort and at¬ 
tention have been apparent from the early stage of STM research, in the drive 
for directly visualizing single molecules using STM. This chapter is aimed at 
providing a brief introduction of the background of tunneling phenomena, 
focusing on aspects that are closely related to STM studies. The theoreti¬ 
cal aspects of STM are subsequently introduced, followed by discussions on 
several specific technical aspects of the STM method. 


2.1.1 Elastic Tunneling Process 


As described in many standard textbooks, the only way an electron can get 
through a classically, “forbidden”, energy barrier is through the tunneling 
process. For elastic processes, electron energy is unchanged before and after 
passing the barrier. Using planar electrode approximation, we can illustrate 
the theoretical approaches for tunneling processes. The static tunneling model 
begins with the electron density distribution function f(E) at the Fermi level: 


f(E) 


1 

i+exp 


( 2 . 1 ) 


E is the electron energy, Ep the Fermi level energy, kp the Boltzmann con¬ 
stant and T the temperature. The tunneling current from one side of an elec¬ 
trode to the opposite electrode (represented by left to right (Jlr) or right to 
left (Jrl)) can be expressed in a generalized form for the electron tunneling 
effect between similar electrodes separated by a thin insulating film [2.1-2.3], 
as schematically illustrated in Fig. 2.1. 
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0 d 


Fig. 2.1. Schematic of elastic tunneling process in which the electrons tunnel 
through the energy barrier without energy loss (illustrated in a), b The decay 
behavior of the electronic wave function across the energy barrier 


/ d 3 k 

^»*,/l(£l)[1 - /r(£r + eV)\D hR (E) 

/ d 3 k 

^V X J R (E R )[1 - f L (E L + e V)]D RL (E) ( 2 . 2 ) 

J is the current density, V the applied bias voltage across the tunnling junc¬ 
tion, D the electron transmission probability, v Xl and v X2 the projection of 
speed perpendicular to the electrode surfaces (assigned as x direction). The 
net current is 

p oo r poo 

J = -p- J D(E X ) I lf(E) - f(E + eV)\ d E t d E x (2.3) 

where E t is the energy component parallel to the electrode surface. 

According to the Wentzel-Kramers-Brillouin (WKB) approximation, the 
probability ( D) of the electrons tunneling through the energy barrier is: 


D(E X ) = exp 4 7 2m [ (E f + 4>(x) - E x y/ 2 dx 
11 J As 

~ exp -A(E f + 4> - E x ) l/2 (2.4) 

Here the parameters are defined as following: 

A = ATtj3y/2rrtAs/h 

P = 1 -— [ [<l>(x) - 4>] 2 dx 

8(f) As J As 

where (f> is the averaged barrier height. Under the approximation of E = 
E x + E t and low temperature: 
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■J = -^—{(3As) 2 { 0 exp(-A 0) 1 / 2 - (0 + eV) exp [~A((f) + eV ) 1//2 ]} 

Z7 III 

= Jo{0exp(-A0 ) 1 ' /2 - (0 + eV) exp[-A(0 + eV ) 1//2 ]} (2.5) 


Jo 


e 

27r/i 




The expression can be further simplified at different bias voltage ranges: 


J oc V: at small V 
J a J L (1/ + /?1/ 3 ): at large V 

Another widely used treatment of the tunneling process is the many- 
particlc transition Hamiltonian method, which considers the electron tun¬ 
neling as a transition between two electronic states separated by an energy 
barrier [2.4]. 

The electronic wave function at both sides of the energy barrier can be 
expressed in a general form [2.4]: 

0 m = Cp~ 1/2 exp [i(p y y + p z z )] sin^rr + 7) for x < x a 
= \ C \ P X I ” 172 ex P [iiPyV + Pzz)] exp (^- j | p x | dx 

for x & < x < £b ( 2 . 6 ) 

The tunneling junction is represented by the Hamiltonian equation: 

H = Hi + H 2 + H 3 


The general solution to the Hamiltonian equation is in terms of 0 mn with 
energy W mn : 

0 = a(t)<j) 0 e iWot + W*)0m n e“ iMW (2.7) 

mn 

By utilizing the Fermi rule, the transition probabilities between the two sides 
of the barrier under perturbation are: 

2tt 

L —»• R Plr — -jr | ^Jlr I 2 Pr/l(1 - /r) 

2 tt 

L R Prl = -jr | A/rl I 2 Pl/r (1 - /l) 


A/rl is the transition matrix element. The net current J is thus: 
J = -jr- ^ | A/lr I 2 PlPr(/l - fR)dE t 
M mn = J [0^0 m „ - 0m n A70o]dr 

= 5 Z /(0O V ?0mn - 0mnV 2 0o)S(;ri)d-7 

i 

— ^mn^o)] 


( 2 . 8 ) 

(2.9) 


( 2 . 10 ) 
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7 ^ r i* i 


dx ' 


J mn (xo) = 0, according to the assumption of the model. Therefore, 

^fmn = ^T mn (xi) 


( 2 . 11 ) 


Using the wave function definition, one can obtain the explicit expression of 
the transition matrix: 


k r I = 


( h 2 \ (k x )L (k x )R 

\ 2 m ) “tr eXP 

\/2m 


A: r I da: 


/i 


(B f + 0(i) - E x ) 1 ! 2 


( 2 . 12 ) 


The equivalence of the above two treatments of the tunneling process can 
be illustrated under one-dimensional approximation [2.5]. Under the one¬ 
dimensional free electron approximation, the density of states can be written 
as: 

dE_\~ l _ mL 
dk x J 7r h 2 k x 



Therefore, 


Mlr 

J 


3 ^ exp 



da: 


/ dE x (f h - f R ) exp 



(2.13) 


This expression is identical to the result obtained from the static tunneling 
model. The equivalence is due to the fact that both models apply WKB 
approximation to obtain the electron tunneling probability. In addition, the 
momentum component parallel to the electrode is assumed as unchanged 
across the tunnel junction. The difference between the two models is that 
in principle the Hamiltonian method applies to small perturbations, whereas 
the static method could apply to general types of energy barriers. 

In addition, a number of detailed studies have dealt with the elastic tun¬ 
neling process. Green’s function method can be used to deal with orthog¬ 
onality and completeness of the wave functions [2.6], The series expansion 
approach can be introduced to treat arbitrary-shaped energy barriers [2.7]. 
Feuchtwang [2.8] used perturbation theory to obtain general treatment of the 
tunneling process. 


2.1.2 Inelastic Tunneling Process 

During the inelastic tunneling process, the tunneling electron loses part of 
its energy before reaching the target electrode [2.9-2.15], This phenomenon 
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0 f«0 0 


Fig. 2.2. Schematic illustration of a the energy diagram of the tunneling process 
and b the effect of inelastic interaction on measured tunneling spectra (extracted 
from [2.15]) 


was first discovered by Jaklevic and Lambe [2.9] in 1966. It was suggested 
that the energy dissipation is associated with the excitation of vibrational 
levels of the molecules embedded in the junction, represented as phonons. 
The excitation is also related to the electron density of states of the target 
electrode. Assuming the phonon frequency as cj, the energy required for such 
excitation is eV > hco. Such excitations appear as discontinuous jumps in 
the tunneling current, and can be reflected in the first- and second-order 
derivatives, as illustrated in Fig. 2.2. These are the signature features of the 
inelastic effect in tunneling characteristics. 

The consideration of the molecular adsorbate effect can commence from 
the interaction between the tunneling electron and the dipole moment of the 
molecule. The interaction potential can be expressed as the combination of 
the elastic tunneling potential, the Coulomb potential of the molecule and 
its mirror potential on the electrode [2.10]. The discussion can be simplified 
if one assumes the dimension of the junction is much larger than that of the 
molecule, and only the first-order approximation is considered. There are two 
types of inelastic tunneling spectra based on the vibrational characteristics, 
i.e., infrared and Raman. Infrared-type spectra originate from the interaction 
between polar molecules and the electric field, with the interaction energy of 
(P ■ E), where P is the molecular dipole moment, and E the electric field 
strength. Raman-type spectra are associated with the electric field-induced 
dipole moment, where the interaction termed aE 2 with polarizability a. The 
interaction potential of the surface-bound molecules and tunneling electrons 
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The tunneling matrix is: 


Mi 2 |oc exp 


H 


dx ( 


' x [ C /( x )+£/,»,(*)-(£-£,.)] 1/2 




(2.15) 

Using the approximation of U — (E — E±) ~ 0 and expanding the expression 
in terms of , one will have: 


Mi 2 I CX 

9(y) = 




1/2 


( 2 m 0 \ ^ 


h 2 


l 


y (1 + y 2 ) 1 / 2 


(2.16) 


The first term in the above expression is the inelastic one, the second term the 
elastic one. The interaction between the molecule and the tunneling electron 
can be different for different vibration levels. It can be viewed as a reflection 
of vibrational mode of the molecules. The following discussion considers the 
interaction of molecular vibration-induced dipole moment with the tunneling 
electron. 

Assuming a molecule with a vibration frequency a>o, by transition law 
[2.11] the tunneling current can be expressed in the following form: 


Ii{u 0 ,V)=(^\ \<l\p x \0>\ 


A-nme 

h 2 4> 


, | * | 

In — x 

ro 


/OO 

dEf(E)[l - f(E + eV - huj 0 )]N l (E)N 2 (E + eV - fm 0 ) 

-OO 

Ni(Ei), N 2 (E 2 ) are density of states of two pertinent vibrational levels, and 
|< 1 | p x | 0 >| 2 the dipole moment of the vibrational transition. A practical 
treatment should include the summation of different vibration modes: 




47rme 


'o 

h 2 (j) 


In 


l_ 

ro 


^2 \< m I Pz | 0 >| 


X 


/ oo 

dEf(E)[l - f(E + eV - hw m )]N 1 (E)N 2 (E + eV - hw m ) 

-OO 

(2.17) 

where N is the total number of vibration modes. Under low-temperature 
approximation, the derivative of the tunneling current is: 


d I_ 

dU 

d 2 1 

dU 2 


= AT I A 


iv J 0 (w) ln i i 1 £ x m 1 10 > |2 s ™ (eV) 


= N\ — 
VdU 


d j \ ( 47rme\ 


0 \ h 2 <b J 


ln 


L 

ro 


^2 |< m | p x | 0 >| 2 5(eV - hu m ) 

m 

(2.18) 
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where S m (eV) is the unit step function at eV = hio m . The experimental 
realization of the measurements on vibrational characteristics is through I— 
V curves and the I versus dl/dV curves. 

The tunneling electron can interact with the vibration-associated perma- 
nent dipole moment (infrared-type spectrum), as well as the field induced 
dipole (Raman-type spectrum): 


P — aE 

U = -P • E = aE 2 


Pint (^0 


4e 2 o:a: 2 

(x 2 + 7j_) 3 


The transition matrix for the tunneling electron is [2.10] 


M | DC 



(2.19) 


Here t(y ) = p[ ypppp + ^ tan 1 (^)]. The inelastic tunneling current can be 
expressed as: 


m 


n(^ 

\dV 


47 r m e 3 
h 2 (p 167 6 




t 2 r_\_dr_\_ 


r o 


|< m | a | 0 >| 2 x 


dEf{E)[l - f(E + eV - /^ TO )]7V 1 (E)7V 2 (E + eV - hw m ) 

( 2 . 20 ) 


where < m | a \ 0 > is the matrix element of polarizability and is a scalor. 

There are a number of theoretical models dealing with the inelastic tun¬ 
neling process. Appclbaum and Brinkman [2.12] utilized the approach by 
Bardeen [2.4] for the elastic tunneling process to study the assisted tunneling 
process associated with the excited states residing in the energy barrier. Both 
elastic and inelastic effects were taken into consideration in this approach. 
Brailsford and Davis [2.13], and Davis [2.14] extended the static tunneling 
approach to the multi-electron method and obtained consistent results with 
experiments. 

We now turn to the quantitative analysis of tunneling spectra based on 
the principles presented above. The position and width of spectrum peaks 
are two important factors. The width of the spectrum peak can be affected 
by temperature, the intrinsic width of energy level of dopant molecules, and 
the amplitude of the detection signal. Lambe and Jaklevic [2.11] analyzed the 
temperature-induced broadening of peak width. For an electrode in normal 
state, the tunneling current is: 


h 


= c 



1 + exp 




1 + exp 



e(V— V&)\ 
k B T ) 




12 


2 Basics of Electron Tunneling Processes 



Fig. 2.3. The spectrum broadening of the tunneling feature due to a thermal and 
b detection signal amplitude (extracted from [2.15]) 


Here, the constant c includes all quantities independent of the energy E and 
temperature T. Vq is the center position of the peak of interest. The integral 
will yield: 


h 


ce(V - V 0 ) 


exp[e(V r - V 0 )/k B T] 
exp[e(K - V 0 )/k B T] - 1 


( 2 . 22 ) 


The characteristic line shape of the temperature-broadened spectrum is illus¬ 
trated in Fig. 2.3. The width at half height is 5.4 k B T. Further analysis for 
an electrode in superconducting state suggested that the half height width 
will be reduced to 2.9 k B T [2.11]. 

Another factor that affects the width is the amplitude of the detection 
signal. In a typical measurement, a small AC signal will be coupled to the 
tunneling bias voltage. The derivative curves are obtained by measuring the 
amplitude of the harmonics. Klein et al. [2.15] demonstrated the effect of the 
detection signal amplitude on peak width: 

The tunneling current is (including the detection signal V u cos cut) 


I = /(eVo + eVu coscut) 
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Here V w and <u are the amplitude and frequency of the modulating signal, re¬ 
spectively, and Vo the DC component. The second harmonic term is measured 
by the following: 

2 f 

I 2 U = — /(eVo + eV w coso jt) cos 2 out df 

J T 

Assuming E = eV cos(u>t) and by partial integration, one can obtain: 



I"(eV 0 + E) 


(e 2 V 2 - E 2 ) 3 / 2 
V* 

LO 


d E 


(2.23) 


The actual measured amplitude of the second harmonic is 4/2 W /V^, which is 
the convolution of the second order derivative of the current and the following 
function: 


4>(E) 


8 (eV^-E 2 ) 3 / 2 
3 tt (eVL ) 4 


d>(E) = 0, 


for \E\<eV w 
for | E |> eV u 


The half height width of the 4>{E) function is 1.22el4>, as shown in Fig. 2.3. 
The experimentally measured width is determined by the above two factors, 
together with the intrinsic width of the electronic states. The broadening of 
the combination of these two factors is: 


AE = [(5Ak B T) 2 + (1.22eV w ) 2 ] 1/2 (2.24) 


Under low-temperature conditions, for example, T — 4.2 K, and V w ~ 2 mV, 
the peak broadening is about 3 mV. Therefore, special care should be taken 
in studying closely spaced peak features. 

In addition, strongly bonded molecules at electrode surfaces will lead to 
relatively strong interaction with tunneling electrons, resulting in possible 
shifts of the peak positions. Furthermore, the spatial position of the dopant 
molecule within the junction will also affect the mirror potential, and thus 
can significantly alter the peak position. Kirtlev and Hansma [2.16] confirmed 
that the vibrational modes could be affected by the material composition 
of the electrode. The effect was attributed to the mirror potential of the 
molecular dipole moment. The strength of the molecular dipole in the mirror 
potential can be approximated as ~ 1/d 3 , d being the distance between the 
molecule and electrode surface. The change of vibration frequency can be 
expressed as: 


Au± = 
Auj h = 




8mioon 2 d 3 \ 
~9i 

16mcJo^ 2 d 3 


1 + \P~ S 

2 qi 



(2.25) 

(2.26) 


Here the static molecular dipole is pPo = qoa, where a is bond length. The 
vibrational dipole moment is P = qix, m is the effective mass of the molecule, 
ni the diffraction index of the oxide layer, (3 2 = ( m ! Jl)/2ED , and Ed the 
bond dissociation energy. 
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2.1.3 Two-Step Tunneling Process 


As discussed above, the molecules embedded within the tunneling junction 
can interact with tunneling electrons by dipole interactions. The molecular 
electronic energy state can also participate in the interaction with tunneling 
electrons as an intermediate state [2.17,2.18]. Define D as the transmission 
probability for the process without intermediate state, whereby D\ and Do 
represent the probability from one side of the electrode in the intermediate 
state. These quantities can be expressed as: 


D = exp 
D\ — exp 


D 2 = exp 



without intermediate state 
for x — 0 —> x — x\ 
for x = x\ —> x = t 


Denote the corresponding electron tunneling probability as W \, W 2 : 

x = 0 —» x = xi W\ = N t (l - fi)D\ 

x = x\ —> x = t W 2 = N t f 2 D 2 


where N t is the density of states of the intermediate electrode. For a static 
process, W\ equals W 2 , and therefore: 


fi = 


Pi 

D\ + D 2 


The two-step tunneling probability is: 

N t D\D 2 


W = Wi = W 2 = 


N f D 


D\ + D 2 D\ + D 2 


W is maximum when D\ equals Do: 

1 ft 

W = - NtD 1//2 oc exp — / k{x) dx 

2 Jo 


(2.27) 


(2.28) 


This result differs from that of the simple tunneling junction in that the 
tunneling probability is appreciably increased. 


2.1.4 Resonant Tunneling Effect 

Another effect that could enhance tunneling probability is associated with 
resonant tunneling processes. When the kinetic energy of the incoming elec¬ 
tron is matched with the bound state of the energy barrier, the possible 
interference can lead to an enhanced tunneling probability [2.18,2.19]. 

In addition to the adsorbed atoms and molecules, resonant tunneling ef¬ 
fects have been observed in a range of tunneling experiments. For exam¬ 
ples, the quantum dots and quantum wires were found to display resonant 
tunneling effects, which could benefit the study of quantum state struc¬ 
tures [2.20,2.21]. 
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Fig. 2.4. a,b Illustration of the atomically sharp tunneling junction in the vicinity 
of the tip apex, c Schematic of an STM with tripod scanner (extracted from [2.22]) 


2.2 Introduction to Scanning Tunneling Microscopy 
(STM) 

The application of the electron tunneling principle to the detection of sin¬ 
gle molecules may be best demonstrated in the invention and development of 
scanning tunneling microscopy (STM). Probably the main difference between 
STM and other microscopy techniques is that there is no need for lenses and 
special light or electron sources. Rather, the bound electrons already existing 
in the sample under investigation serve as the exclusive source of radiation, as 
shown schematically in Fig. 2.4 [2.22—2.25]. STM-based analysis techniques 
are capable of revealing the surface structure of conductors and semiconduc¬ 
tors with high resolution in real time under different experimental conditions, 
such as under vacuum, in air and solutions, and at low temperatures. The 
information on the surface electronic structure can also be obtained by using 
scanning tunneling spectroscopy (STS). 


2.2.1 Introduction to STM 

There have been a number of designs for scanners, as shown schematically 
in Fig. 2.5. The tube scanner and tripod scanners are widely adopted in 
STM designs, and their mechanical stabilities have been systematically ana¬ 
lyzed. Since tunneling processes involve electronic states at the Fermi level, 
which may themselves have a complex spatial structure, we must expect that 
the electronic structure of the surface and tip may contribute to the imaging 
mechanisms in a complex way. Based on the analogy with the one-dimensional 
tunneling problem described by the WKB approximation, the full elucidation 
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Fig. 2.5. Several typical designs of STM scanners, a Tripod design where the tip 
motion in three directions ( x , y, z ) is provided by three independent piezo arms, b A 
tube scanner that controls the tip motion in z direction by expancling/retracting 
the tube wall, c A combined piezo cross arm and tube scanner, d A tube scanner 
that controls the tip motion in x,y directions by bending the quadrant sections of 
tube walls 



Fig. 2.6. Schematic of tip and sample geometry used for calculation of tunneling 
current in STM (extracted from [2.26]) 


of the STM imaging mechanism should be considered in three-dimensional 
models. These theoretical concepts have been carefully addressed by many 
groups [2.26,2.27]. In addition to delineating the atomic topography of a sur¬ 
face, STM has made it technically possible to directly probe the electronic 
structures of materials at an atomic level by spatially resolved tunneling 
spectroscopy, which is also a vital part of STM studies. Conventional STM 
is based on the control of the tunneling current through the potential bar¬ 
rier between the sample surface and the probing metal tip. If a small bias 
voltage is applied between the sample surface and the tip (in the best case, 
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an atomically sharp tip), a tunneling current will flow between the tip and 
sample when the gap between them is reduced to a few angstrom. It takes 
advantage of the strong dependence of the tunneling probability of electrons 
on the electrode separation. It is generally considered that the atomic resolu¬ 
tion of STM originates from the atomic scale tip. The analysis of the imaging 
mechanism is usually started from the ideal model of an atomic tip, with 
an extension to consider atomic cluster as a tip. In the pioneering work of 
Tersoff and Hamann [2.26], the tip is approximated by a spherical object 
of atomic dimension, and the sample is represented by a metallic surface 
(Fig. 2.6). Assuming ip v (r o) is the sample wave function at position ro, <p M is 
the wave function for the tip, and ip u - are orthogonal eigenfunctions, the 
wave function for the sample surface is expressed in the general form [2.26]: 

ip v = I7 s r 1/2 ap exp[— (k 2 + | —kg | 2 ) 1,/2 z] exp(mc' • X) (2.29) 

G 

k = h~ 1 (2m(j. i) 1 / 2 , kg = k// + G 

where l? s is the sample volume, G the surface inverse wave vector, and k// 
the surface Bloch wave vector. The spherical tip can be expressed as: 

(fin = fi; l/2 c t KR e KR (K | r — ro |) _1 e~ HL ' [r ~ ro ' { (2.30) 

V / 2m0 


where f? t is the tip volume. Following the transition Hamiltonian method 
[2.4], the tunneling current I is expressed as: 

1 = yr - f(E» + eV)) | M I 2 5(E„ - E„) 

-!(E„ + eV)(l - /(£„)) I I 2 S(E„ -E„- eV )} 

= I" + eVME,, - E„) (2.31) 

f(E) is the Fermi distribution function. It can be seen that the electronic 
states contributing to the tunneling current are in the vicinity of the Fermi 
level. Under the approximation of small voltage and low temperature, the 
expression can be simplied to the following: 

1 = T e2v E, I M c-1 2 4 (- E - - - e f ) 

= ^fdS- (<p;v<p„ - V „V^) 
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By expanding the probe wave function in terms of the surface wave function: 
= J d- qb(q) exp[-(« 2 + <f) I/2 | z |] exp(i<j • x) 

6 (,) = ( 2 I t )- 1 k - 2 (1 + 4)" 1/2 

The transition matrix can be expressed as: 

KRe KR (p n u(r 0 ) 

lm 

I = 32t T 3 h~ 1 e 2 (j) 2 D t {E F )R 2 K- 4 e 2KR x ^ | ip v {r Q ) | 2 8{E V - E F ) 

V 

oc ^ | (fu(ro) | 2 8(E U - E f ) 

V 

where D t is the density of states of the probe. The local density of states is 
defined as: 

p(r o, Ep) = ^ | <p v (r 0 ) \ 2 5(E V — Ef) 

V 

Due to the fact that 

| ip v (r Q ) | 2 oc e -MR + d) 

The tunneling current can be simplified to [2.26]: 

I oc e~ 2Kd (2.32) 

where 2k = 1.025(f) 1 ' 2 , and </> is the average barrier height, i.e., the mean 
barrier height between the two electrodes. For typical metals (</> « 5 eV), 
the predicted change in current by one order of magnitude for the change 

O 

Ad k 1 A has been verified. If the current is kept constant to within, e.g., 
2%, then the gap d remains constant to within 0.01 A. This fact represents 
the basis for interpreting the image as simply a contour of constant height 
above the surface. 

It should be noted that the practical tip geometry may be far different 
from the idealized single atom model. As a matter of fact, very rugged tip 
geometry can often be observed in microscopic images of tip geometry. The 
exponential dependence of the tunneling current on the tip-sample separation 
stresses that the tunneling current is dominated by the outmost atom on the 
tip, rather than by the collective effect of all the atoms at the tip apex. 

The STM can be operated in either constant-current or constant-height 
mode, as shown in Fig. 2.7 [2.29,2.30], In the basic constant-current mode of 
operation, the tip is raster scanned across the surface at pre-set a tunneling 
current, which is maintained at a pre-set value by continuously adjusting 
the vertical tip position with the feedback voltage V z . In the case, of an 
electronically homogeneous surface, the topographic height of surface features 
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Fig. 2.7. Illustration of operation modes of constant current and constant height 
of STM (extracted from [2.30]) 


of a sample can be visualized. The height of the tip as a function of position is 
read and processed subsequently. Alternatively, in the constant-height mode 
a tip can be scanned rapidly across the surface at nearly constant height 
and constant voltage V z while the tunneling current is monitored, as shown 
in Fig. 2.1b. In this case, the electronic feedback network is slowed down to 
keep the average tunneling current constant or even turned off completely. 
The rapid variations in the tunneling current due to the tip passing over 
surface features are recorded and plotted as a function of scan position. 

Each mode has its own advantages. The basic constant-current mode was 
originally employed and can be used to track surfaces that are not atom¬ 
ically flat. The height of surface features can be derived from V z and the 
sensitivity of the piezoelectric driver element. On the other hand, a disad¬ 
vantage of this mode is that the finite response time of the feedback network 
and of the piezoelectric driver sets relatively low limits for the scan speed. 
The constant-height mode allows for much faster imaging of atomically flat 
surfaces, since the feedback loop and the piezoelectric driver do not have to 
re-pinned to the surface features passing under the tip. Fast imaging is im¬ 
portant, since it may enable studies on dynamic processes on surfaces as well 
as reducing data collection time. Fast imaging also minimizes the image dis¬ 
tortion due to piezoelectric creep, hysteresis and thermal drifts. In contrast 
to the constant-current mode, however, deriving topographic height informa¬ 
tion from recorded variations of the tunneling current in the constant-height 
mode is not easy because an independent determination of is required 
to calibrate z, as illustrated in (2.32). In both modes, the tunneling voltage 
and/or the z position can be modulated to obtain information about the 
local spectroscopy and/or spatially resolved local tunneling barrier height, 
respectively. 
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For more detailed descriptions of other modes of operation, such as vari¬ 
ous tracking modes and differential microscopy, the reader is referred to the 
available literature [2.23-2.25], 


2.2.2 STM Contrast Mechanisms 

The above discussion on STM imaging mechanisms involves the spherical 
wave function (s-wave) as the probe wave function. In realistic situations, one 
should also consider the effect of other types of wave function on STM imaging 
processes. The consideration is reflected in the analysis of Chen [2.27] and 
other studies. As will be seen below, it is convenient to express wave functions 
in terms of spherical harmonics using Green’s function method [2.27], 

The Schrodinger equation for states under vacuum conditions can be writ¬ 
ten as: 


(V 2 -K 2 )^(r) = 0 

k = (2 rruj)) 1 ^ 2 /h 


(2.33) 


The general solution can be expressed as the expansion of Bessel’s functions 

= C*£ m h.£(Kp)Y’£m{@: <p) (2.34) 

The Green function corresponding to the solution of Schrodingcr’s equation 
can be obtained from the following: 


(V 2 - K 2 )G(r - 7 * 0 ) = S(r - r 0 ) 


G(r - r 0 ) 


exp (—k | r — ro 




4tt | r - r 0 | 

Thus, the s-wave of the tip can be rewritten as: 

<Ps(r) = —G(r - r 0 ) 

Kj 

Taking the derivative of zq and using the known equation, 

ko(u) — ki(u ) = 0 

one can obtain 

—y— G(r - r 0 ) = ■ - - —k\{np) 

kozo Att p 

where = cos0. The above equation can be rewritten as: 

47rr 3 


(2.35) 


(2.36) 


(2.37) 



2.2 Introduction to Scanning Tunneling Microscopy (STM) 21 


Similar expressions can be obtained: 


Vpyir) 
Vd xz (r) 
Vd z2 (r) 
Vd.o (r) 


47re d 
k k8x o 
47TC d 
k Kdy 0 
47TC d 2 


G(r - r 0 ) 

G(r - r 0 ) 

G(r - r 0 ) 


K K?dxodzo 
V'^G(r - r„) - l G(r _ ro)1 


The merit of the above expressions is that the probe wave function of different 
quantum numbers are now described using the same Green’s function. This 
treatment will help the discussion on the tunneling matrix element. 


According to the definition: 


M = 


= ^ • dS 


</?i, is the sample state, and the tip state. For the simplest case of s-wave 
tip: 


Mo 


2-jrcti 2 


Km 


27 Tcti 2 


J[G(r - r 0 )Vip u - <p v VG{r - r 0 )] • d S 


Km j a 


Using (2.34) and (2.36), one obtains 


[ [G(r — ro)\/ 2 Lp v — ip u V 2 G(r — r 0 )] • dr 

Jn, 


<Pv{ro) = J[G{r - r Q )\/ip v - <p v \7G(r - r 0 )] • d S 


and 


27 ich 2 


M s = ■ "" : -y>i/(r o) 


Km 


(2.38) 
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This result is the same as the one obtained by Tersoff and Hamann [2.26], 
One can further get 

27 rch 2 d 27 rch 2 d f 

-— ^(ro) = - tt- / [G{r - r 0 )Vp v - ^VG r - r 0 ) • d S 

Km ozq Km ozo J 

E 

= 27TCh [{Jr~[G{r - r 0 )V^„ - ip v VG(r - r 0 )]} • d S 
Km J ozq 

E 

h 2 f 
= 2~ 

E 

= M Pa 

The following gives the transition element and the corresponding tip state 
(ip u represents the sample state). 


State 

Tip state 

s 

c{kp)~ 1 exp(— Kp) 

Pz 

c[(kp )~ 1 + (kp)~ 2 ] exp(ftp) cos# 

Px 

c[{kp )~ 1 + [kp)~ 2 ] exp(ftp)sin#cos</> 

Py 

c[{kp )~ 1 + [kp)~ 2 ] exp(Kp) sin #sin 0 


Transition matrix ft I oc 

dpv 

dz 

dpv 

dx 

dpv 

dy 


From the above results, one can estimate the magnitude of the transition 
matrix for various tip states. It can be concluded that higher quantum num¬ 
bered states can enhance the detection sensitivity. It is worth noting that for 
widely used tip materials such as W and Pt, the high quantum numbered 
states indeed exist at the vicinity of the tip apex [2.27]. An example can be 
seen in Fig. 2.8 for the charge distribution of W(001) surface. At a distance 
of 2 A from the surface, the charge consists mainly of (d z 2 ) electrons. 


2.2.3 Scanning Tunneling Spectroscopy (STS) 

An advantage of the STM method is associated with the capability of tun¬ 
neling spectra [2.24], The mechanism is rooted in the expression of tunneling 
current, as in (2.3): 

J = f / &E [f(E) - f(E + eV)] j D(E , k t ) 

dE x D(E x )N(E x ) 
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Fig. 2.8. The spatial distribution of density of states for the W atom at the W(001) 
surface. The states include the surface state, 6s, and 5d (extracted from [2.27]) 


Here, kt is the momentum component parallel to the junction surface. The 
electron density of states N(E X ) and transmission probability D(E X ) are 


N(E X ) = - j ' lf(E ) - f(E + eV)]dE t 

Anmek-QT f 1 + exp[(Ef - E z )/k B T] \ 
~h 3 l l + e-xp[(Ef-E z -eV)/k B T\ J 




The normalized tunneling current is therefore [2.32] 


( 2 - 

Note that it is assumed the electron density at the tip side is characteristic of 
free electrons. Therefore, the density of states of the sample can be explicitly 
reflected in the above expression. The consideration including the density 
of states of both tip and sample was given in the systematic analysis by 
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Fig. 2.9. a Distribution of density of states at a round Fermi level for Na and Ca 
atoms, b Calculated dI/dV/(I/V) (or normalized conductance) for Ca/Na combi¬ 
nation. (extracted from [2.31]) 


Lang [2.28,2.31]. The results revealed that the tunneling current is jointly 
affected by the characteristics of density of state distribution at both sides of 
the electrodes (Fig. 2.9), suggesting that a rigorous discussion of STM/STS 
results may need to take into account the local density of states of the tip. 


2.2.4 Measurement of Apparent Tunneling Barrier Height 

The tunneling barrier is an important parameter in the study of tunneling 
phenomena. From traditional electron tunneling studies, it is known that the 
tunneling barrier is dependent on the electronic properties of the interface, 
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Fig. 2.10. Calculated behavior of apparent tunneling barrier at various tip-sample 
separations. A zero-barrier channel is depicted as a tip closing in to the sample 
surface (extracted from [2.33]) 


and the interaction between the tunneling electron and the insulating layer. 
The tunneling barrier can directly affect tunnel characteristics. 

The thickness of the tunneling barrier in an STM junction is determined 
by the separation of the tip and sample. The range of the separation can 
be adjusted experimentally from point contact to the thickness of traditional 
tunneling junctions (tens of angstrom or larger). Such capability can provide 
a unique venue to study the effect of tunneling barriers. After taking into 
account the electrostatic potential and exchange correlation potential, Lang 
[2.33] concluded that the barrier height in STM junctions approaches zero at 
small separations (Fig. 2.10), suggesting the tunneling electron can experience 
little resistance at close tip-sample separations. Beginning from the expression 
of the tunneling current of STM (2.33): 

/ oc Ve~ A ^ s 



In / oclnV- A(j) l / 2 s 


The barrier height can be deduced as 
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Fig. 2.11. Illustration of tunneling barrier distribution at various tip-sample sepa¬ 
rations. A zero-barrier channel is depicted as a tip closing in to the sample surface 
(extracted from [2.33]) 


The barrier height can have significant impacts on the topography and spec¬ 
troscopy in STM measurements. As pointed out by Lang [2.33], tunneling 
electrons experience different barrier distributions as a tip approaches the 
sample surface. At certain separations, there is a finite-dimensioned tunneling 
channel that has no barrier within it. The general trend of a tunneling barrier 
as a function of tip-sample separation is illustrated in Fig. 2.11. This behavior 
has been qualitatively identified in measurements of layer compounds [2.34]. 
It was noted that in the case of low barrier height, which generally corre¬ 
sponds to small tip-sample separation, there is a risk of increased instabilities 
for both spectroscopy and topography measurements. 

In addition, measurements of barrier height on metal surfaces revealed 
nearly constant behavior until the tip touches the sample surface. Olesen 
et al. [2.35] suggested that the tip-sample separation could be affected by 
the adhesion force. The tunneling junction resistance decreases as the tip 
approaches a sample surface. Considering that the resistance of an STM 
pre-amplifier is typically on the order of megaohms, the voltage across the 
junction is only part of the total applied bias. As a result, the assumption of 
constant bias is no longer valid. This effect can lead to an unchanged apparent 
barrier height. 

In addition to the tip-sample separation-related barrier reduction, it has 
been shown that contaminants on the tip or sample surface could also result 
in anomalously low barrier heights, which is unfavorable for STM and STS 
studies. It is therefore desirable to have an appropriate barrier height for 
optimal STM/STS assessments. By adapting the barrier height measurement 
by means of a topography study, atomic resolution could be obtained on a 
sulfur adlayer on a Mo(001) surface (Fig. 2.12) [2.36], This result could lead to 
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(b) (c) 


Fig. 2.12. a Atomic resolution of the barrier height distribution sulfur acllayer on 
a Mo(001) surface, b, c Two proposed models for the p(l x 2) sulfur adsorbate 
structure on a Mo(001) surface (extracted from [2.36]) 


useful information about the microscopic distribution of local barrier height 
that is not available from other techniques. 

The discussion in this chapter on various aspects of tunneling charac¬ 
teristics is largely derived from the knowledge of the ensemble average of 
molecules. As will be presented in the following chapters, studies at single 
molecule level have revealed a great deal of important insight that stimulated 
strong interest in the field of electron tunneling processes. 


3 Single Molecule Structural Characterization 


Single molecules, modeled as an isolated subject either in surface-bound state 
or in a three-dimensional environment (such as in solutions), experience non¬ 
periodic, heterogeneous interactions. It is conceivable that single molecules 
could adopt appreciably different properties, compared to the same molecule 
in the ensemble structures, because the surrounding environments are com¬ 
pletely different. Such characteristics could develop into intrinsic merits of 
single molecule studies, such as high sensitivity to environmental variations, 
and uniqueness of dynamic properties, in many cases more complex in terms 
of theoretical analysis. 

The motivation for single molecule structural studies is to understand 
the response of individual molecules to their immediate surrounding envi¬ 
ronment, such as supporting surfaces and solutions. This chapter is deals 
with the study of the characteristics of single molecules adsorbed to surfaces 
of metallic as well as organic monolayers. The knowledge of the principles 
behind molecular adsorption sites, adsorption configuration, etc., could lead 
to a fundamental understanding of intermolecular interactions, as well as 
molecule-surface interactions at microscopic scale. These issues also form the 
core topics of surface science studies. It is generally considered that acquired 
novel properties of single molecules will be discovered in the near future, and 
new technologies are expected in this domain. 

On a very closely related topic, the exploration of the molecule assem¬ 
bling process has been a major scientific endeavor for several decades and 
represents one of the most productive scientific advances of our times. The 
assembled molecular structures are based on self-repeating units of individual 
molecule units, involving various intermolecular interactions. These interac¬ 
tions may be periodic and homogeneous. Single molecule studies can be seen 
as deeply rooted in the study of molecular assemblies, stimulated by fascinat¬ 
ing advances in a range of experimental techniques in the past decade that 
facilitate single molecular-level experiments. Such increase in experimental 
capacity has spawned a vast and renewed interest to study molecules from 
the perspective of individual entities. 

Wc could be witnessing the early stage of single molecule studies. The 
advance in both experimental techniques and theoretical insight must surely 
stimulate further studies in this field. The achievements could make impor¬ 
tant contributions to our understanding of molecular-based technologies. 
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3.1 Molecular Imaging Mechanisms of STM 

Observing and identifying individual molecules forms the basis of practical 
investigations on single molecules. An important application of the STM 
method is to investigate the fine structures of various organic and biological 
molecules, in their surface-bound state. Many interesting observations have 
been reported in the past decade, such as high-resolution STM images of 
molecules (aromatic molecules, metal phthalocyanines or MPc, etc.) [3.1-3.4] 
adsorbed on metal surfaces, and the successful studies of a number of self- 
assembled molecular layers, liquid crystals [3.5-3.7] and long chain alkane 
molecules [3.8,3.9] on inert surfaces of graphite and M 0 S 2 . Another exam¬ 
ple is the high-resolution imaging of organic adsorbates on electrode surfaces 
under electrolyte-using electrochemical STM (ECSTM) [3.10-3.12]. These re¬ 
sults have provided direct venues to examine the structural characteristics of 
molecules under a wide variety of experimental conditions, as well as the 
electronic properties of the molecules, such as the front orbital distributions 
and molecular polarizabilities. Furthermore, the adsorbate-substrate interac¬ 
tion is another important aspect. In general, the assembled structures of ad¬ 
sorbed organic molecules arc stabilized mainly by the electrostatic multipolc- 
multipole interaction, steric repulsion, intermolecular and surface forces. 

The effort to resolve isolated single molecules by STM helps lay the ground 
for an extensive investigation of chemical and physical properties of single 
molecules in their surface-bound states. Related interests include adsorp¬ 
tion geometry, understanding of submolecular contrast in STM images, spec¬ 
troscopy characteristics of single molecules, and chemical reactions of single 
molecules. The results can be directly correlated to the interaction between 
molecules, and the impact of the environment, such as the substrate. As will 
be demonstrated in this chapter, STM is a powerful technique in imaging 
single molecules on metal, semiconductor and organic surfaces. 

The accompanying theoretical efforts, as examplified in this section, are 
crucial for our understanding of the physical nature of observed features for 
single atoms and molecules. The simulation of molecules observed by STM 
involves the modeling of both the tip states, as discussed in the preceding 
chapter, and the states of the adsorbed atoms. Several mechanisms have been 
assessed by various authors in this domain. One of the first mechanisms pro¬ 
posed is based on the perturbation theory by the formalism of Bardeen, Ter- 
soff and Hamann, which was introduced in the preceding chapter [3.13,3.14]. 
The application of scattering formalism to the interpretation of adsorbed 
molecules has also been extensively pursued [3.15]. 

The simulated profiles of molecules point to the possible chemical sensi¬ 
tivity of STM observations. The variation in the predicted contrast, such as 
from protrusion to depression, originates in the eigenstates of the tunneling 
current. Comprehensive reviews of STM imaging mechanisms of molecules 
can be found in the literature [3.13-3.15], 
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3.1.1 Molecular Orbital Model 

Achieving submolecular resolution using STM is regarded as a major advan¬ 
tage of the technique, and also promotes identifying the electronic properties 
of single molecules. As generally interpreted, STM images represent the map¬ 
ping of the local electronic density of states. The contribution from molecular 
orbitals, both lowest unoccupied molecular orbitals (LUMO) and highest oc¬ 
cupied molecular orbitals (HOMO), is of key importance to establish the 
relationship between STM images and the predicted geometry. Such com¬ 
parisons have been conducted for a number of molecules. The effects of, for 
example, substrate lattice and molecular orientation need to be taken into 
consideration to obtain acceptable results. 

So far, much attention has been given to the understanding of contrast 
mechanisms associated with various functional groups. STM images of 4-n- 
alkyl-4'-cyanobiphenyls (nCBs), where n is the number of carbon units in 
the alkyl group, on graphite showed that the aromatic group or cyclohexane 
enhances the tunneling efficiency and appears as bright contrast [3.5-3.7]. 
Contrast differences are also prevalent in the derivative of linear alkanes [3.8, 
3.9], and planar molecules [3.4]. 

Figure 3.1 is an STM image showing individual copper(II) phthalocyanine 
molecules (denoted as CuPc) with the molecular orbitals given in Fig. 3.2 
[3.2]. The example shows that submolecular features can be directly corre¬ 
lated w r ith the characteristics of the molecular orbitals. It should be noted 
that such correlations may reflect a grossly simplified signature. It can not 
be ruled out that a combination of front orbitals is the dominant contributor 
to the observed pattern. 

On the other hand, the resonant tunneling mechanism, also proposed in 
terms of the positions of front orbitals (HOMO/LUMO) [3.5-3.7], provides a 
direct linkage between experimentally observed fine structures and intrinsic 
molecular orbitals. In many cases, the front orbitals are separated well away 
from the Fermi level of the substrate by more than one electron volt. There¬ 
fore, in order to account for the imaging at small tunneling bias voltages, one 
should consider the factors that could decrease the energy difference between 
the HOMO or LUMO of molecules and the substrate’s Fermi level, such as the 
accompanying pressure within the STM gap, interactions between molecules 
and the substrate, and the applied electric field. It is worth noting that solid 
evidence is still needed to fully explain the contrast differences for organic 
and biological molecules. The results should be very beneficial for further 
studies aimed at recognizing individual functional groups within molecules. 

The theoretical analysis of STM imaging of Xe (xenon) atoms also sug¬ 
gests a front orbital effect [3.16]. The electrical resistance of wires consisting 
of either a single Xe atom or two Xe atoms in series was measured and 
calculated on the basis of an atom-jellium model. Both the measurements 
and the calculations yielded a resistance of 10 5 f) for the single-Xe atom sys¬ 
tem, and 10 7 ft for the two-Xe atom system. These resistances greatly exceed 



32 


3 Single Molecule Structural Characterization 



Fig. 3.1. STM image of CuPc molecules dispersed on a Cu(100) surface with 
tunneling conditions of —0.15 V and 2 nA at both a low and b high adsorption 
coverages. The internal structures represent the characteristics of the molecular 
front orbitals (extracted from [3.2]) 



Fig. 3.2. Calculated molecular orbitals of a CuPc molecule corresponding to the 
experimental results in Fig. 3.1. a Structure model CuPc on a Cu(100) surface. 
Small open circles C, small closed circles H, large open circles Cu, large closed 
circles N. (b) and (c) are the distribution of charge density of HOMO and LUMO 
respectively at 2 A above molecular plane, (d) is the charge density of HOMO at 
1 A above the molecular plane (extracted from [3.2]) 


the 12,900-0 resistance characteristic of an ideal one-dimensional conduction 
channel, because conduction through the xenon atoms occurs through the 
tail of the xenon 6s resonance, which lies far above the Fermi level. Such 
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conduction processes in a single atom-sized system can now be understood 
in terms of the electronic states of individual atoms. 

3.1.2 HOMO-Ionization Potential Model 

Further consideration involves the ionization potential (IP) to account for 
the observed contrast. The observed STM image contrast of alkane deriva¬ 
tives was shown to be affected by both topographic and electronic factors 
(Fig. 3.3) [3.17]. The contrast of the methylene regions is dominated by the 
H atom positions, as predicted by perturbation theory [3.18] and extended 
Hiikel calculations [3.19]. As for the terminal functional groups, it has been 
found that the contrast depends on the magnitude of the applied bias volt¬ 
age. The contrast strength was also shown to be consistently correlated to 
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Fig. 3.3. a High-resolution STM image of tetradecanol molecules on a graphite 
surface (bias 1.127 V; tunneling current 650 pA). b Schematic of adsorbed tetrade¬ 
canol molecules in trans-conformation (extracted from [3.17]) 
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the ionization potential. The lower ionization potential leads to a higher con¬ 
trast in STM images. This correlation could be caused by the contribution of 
HOMO to the tunneling current in STM. A lower ionization potential corre¬ 
sponds to closer energy levels between HOMO and the Fermi level of the tip, 
and more diffused molecular orbital structures. Both effects promote the en¬ 
hancement of coupling between the adsorbate and the tip and sample. It has 
also been pointed out that the contrast of bromide could be accounted for by 
considering the contributions from both HOMO and LUMO orbitals [3.18]. 

3.1.3 Work Function Model 

For saturated hydrocarbons and their derivatives, a different imaging mech¬ 
anism has been proposed. This category of molecules have their orbitals far 
away from the Fermi level of the tip. The modification of the local work 
function due to the polarization of functional groups could be the factor 
contributing to the STM contrast. This has been qualitatively confirmed by 
systematically comparing the contrast of groups with various polarizability. 

Several theoretical models have been suggested and have generated con¬ 
siderable interest. Spong et al. [3.20] suggested that local work function mod¬ 
ification by the adsorbates is the origin for the observed contrast. By taking 
into account the polarizability of the adsorbed molecules, one can obtain the 
modified local barrier height: 


4> = $ - e/j,/so (3.1) 

where 4> is the barrier height for the adsorbate/substrate system, <P the barrier 
height for a clean surface, p. the dipole moment of the adsorbates, and eo the 
permitivitv of free space. Thus, the dipole moment of organic molecules can 
reduce the barrier height of substrates such as graphite. As a result, the 
work function of the substrate surface will be periodically modified by the 
adsorbates and it becomes a function of position, such as in the case of linear 
alkane molecules. It should be noted that the terminal functional groups in 
the above studies have no net dipole moment in the direction perpendicular to 
the basal plane. The effect of polarizability due to the induced dipole moment 
alone was not sufficient to account for the observed contrast insensitivity to 
the bias polarity. 

In a recent study of tridodecyl amine (TDA) molecules, which has a net 
dipole moment perpendicular to the adsorbate plane, a contrast reversal be¬ 
havior was observed [3.21], The asymmetry in contrast for positive and neg¬ 
ative bias was associated with the total polarization of the amine group. 
The tunneling bias in this study was sequentially changed from negative to 
positive, and from positive to negative during the imaging process. It was ob¬ 
served that the amine group appears in higher contrast than does the alkane 
part when positive bias was applied, the reverse being the case when neg¬ 
ative bias was used (Figs. 3.4a and b). The measured contrast variation is 
shown in Fig. 3.5. According to the molecular structure of TDA, the nitrogen 
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Fig. 3.4. STM images showing the effect of applied bias polarity on the STM 
contrast of amine groups, a 459 mV, 626 pA, b —405 mV, 626 pA. c, d are the 
corresponding cross-sectional profiles of the STM images of a and b, respectively. 
Note that the contrast of the central parts of the lamella is reversed for the two 
tunneling conditions (extracted from [3.21]) 


atom in the amine group is on one acme of the tetrahedron. Since the C—N 
bond is dipolar, the amine molecules are also dipolar, nitrogen being partially 
negatively charged. Thus, when amine molecules adsorb onto an inert sur¬ 
face of graphite, there exists an intramolecular electric field pointing either 
to the substrate or to the air. This intrinsic electric field can interact with 
the applied external field, and therefore the contrast of the nitrogen will be 
enhanced or diminished, depending on the polarity of the applied bias and 
the orientation of the C-N bond. 

As proposed earlier for STM observations of organic molecules [3.20], the 
contrast of functional groups could be associated with the modification of 
local work function by the molecular dipole moment [3.22]. It was conjectured 
that the observed contrast reversal associated with bias polarity could be 
accounted for by the modification of local work function by the dipole moment 
of amine groups. The work function is expressed in (3.1), and the dipole 
moment of the molecule is: 


fj, — /J, o (^(.Edp T -^ext) (3.2) 

Here, no is the permanent dipole moment, a the polarizability of the molecule, 
e is electron charge. E^ p the depolarization field associated with the adjacent 
dipole molecules [3.20], and E ext the external field between the tip and sam¬ 
ple. Therefore, it can be seen that the induced dipole moment is dependant 
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Fig. 3.5. The relationship of the STM image contrast of amine groups versus bias 
voltage (extracted from [3.21]) 


on the direction of the external field. The barrier heights for different bias 
polarities can be expressed in simplified form: 

<A+ = 4>o — e/io/eo + a(Ed p + E ex t)/s (3-3) 

<t>- = <!>o - e^o/eo + a{Ed P ~ E ext )fe (3.4) 

By substituting the above expressions into that of the tunneling current I, 

I (xV exp {—A(j) l ! 2 d) 

where d is the separation between tip and sample. 

One can rationalize the change in apparent contrast as a result of vary¬ 
ing barrier height. As a comparison, when functional groups (such as amine) 
adsorb with a “flat” conformation where the molecular dipole is aligned per¬ 
pendicular to the field direction, no contrast reversal is observed when bias 
polarity is changed [3.12,3.23]. 

3.2 Single Diatomic Molecules on Metal Surfaces 

The above section on imaging mechanisms has widened our view of the phys¬ 
ical nature of the otherwise merely topography-based images of adsorbed 
molecules. In the subsequent discussions, we will present examples rang¬ 
ing from seemingly simple diatomic molecules to complex structures such 
as macrocyclic molecules. In this section, we show results on two represen¬ 
tative diatomic molecules, i.e., CO as a heteronuclear molecule and O 2 as a 
homonuclear molecule. Their structures are inherently simple, compared to 
other molecules discussed in the subsequent sections. Additional examples of 
single diatomic molecules, dealing with dissociative adsorption, are given in 
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the following chapter. The successful identification of CO and O 2 can also 
be viewed as representative in the pursuit of ultimate STM resolution of sin¬ 
gle molecules. These efforts are within the main themes of surface science to 
clarify adsorption configurations, and the STM results provide confirmative 
evidence for known information from other surface science techniques. The 
studies also provide a test ground for imaging mechanisms that are common 
to all STM studies of single molecules. 

3.2.1 CO 

CO molecule adsorption on metal surfaces has been one of the classical top¬ 
ics in surface science for decades. The interest in this molecule emerges from 
many aspects of surface chemistry. The pursuit of adsorption/desorption ge¬ 
ometries, diffusion and reaction pathways has provided rich grounds for both 
theoretical and experimental investigations. The STM method provides the 
capability of imaging individually adsorbed CO molecules in real space, which 
is essential for studying the site specificity of molecular adsorption. 

Adsorbate-induced restructuring of metal surfaces has been widely ob¬ 
served for a number of systems. Mass transportation and mobility of surface 
metal atoms are known to be caused by molecular adsorption through the 
formation of adsorbate-substrate species, weakening the interaction between 
substrate atoms. It was observed that CO adsorption at elevated pressures 
(>1 torr) could induce significant restructuring of Au(110) surfaces [3.24]. 
Micro-roughening of Pt(110) by CO adsorption is another example of the 
adsorbate-induced surface effect [3.25]. In another study, a dense CO adlayer 
on Ni(110) was observed at room temperature. The CO molecules are ad¬ 
sorbed at the short-bridge sites along the [110] direction and form a 2 x 1 
structure [3.29]. 

More detailed imaging results revealed that CO molecules appear with dif¬ 
ferent characteristics. Pronounced shape variation of individual CO molecules 
adsorbed on Pt(lll) was first reported by Stroscio and Eigler in 1991 [3.26]. 
It was proposed, and later confirmed by theoretical analysis [3.27], that the 
CO molecule at the top site appears as a clear protrusion, whereas the bridge 
site CO looks like a “sombrero”, or an indentation within an enhanced cir¬ 
cular boundary (Figs. 3.6 and 3.7). The simulation results suggest that the 
contribution from 3cr and 5a orbitals of CO is site dependent. The molecule- 
mediated tunneling current at the top site is the cause for the protrusion¬ 
shaped CO image, whereas a much reduced contribution at the bridge site 
leads to the depressed contrast in images for bridge site CO. 

Individually adsorbed CO molecules have been observed on Cu(211) sur¬ 
faces as indentations, rather than protrusions as on other metal surfaces 
[3.28]. However, at high CO coverage, CO molecules are likely to appear 
as protrusions or enhanced contrast. This was postulated as the effect of a 
molecularly decorated tip. Such phenomena motivated more conclusive stud¬ 
ies on imaging molecules with chemically specific tips [3.28,3.30], With the 
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Fig. 3.6. Schematic of CO adsorption sites on a (111) surface (extracted 
from [3.25]) 
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Fig. 3.7. Calculated STM image of CO molecules on a Pt(lll) surface at the 
tunneling condition of 10 mV and 1 nA (extracted from [3.25]) 


capability of reliably transferring molecules between the tip and substrate, 
it was demonstrated that CO molecules, originally appearing as indentations 
on Cu(lll) surfaces, can be turned into protrusions with a CO-decorated tip 
(Figs. 3.8 and 3.9) [3.30]. It has been observed that CO molecules appear as 
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Fig. 3.8. Schematic of transferring CO molecules between the tip ancl substrate 
surface by ramping bias voltage (extracted from [3.30]) 



-0.5 V 



Fig. 3.9. Contrast variation of CO molecules using a CO-decorated tip for four dif¬ 
ferent tunneling bias voltages at 15 K. The appearance of the CO molecules changes 
from indentation to protrusion as the bias voltage changes (extracted from [3.30]) 


indentations with a metallic tip, independently of the applied bias. On the 
contrary, coadsorbed O 2 molecules do not display contrast variation either 
with or without a CO tip [3.30]. 

It was shown that both topography resolution and the spectrum sensitiv¬ 
ity can be improved by modifying the STM tip with single molecules. The 
adsorption sites of CO and O 2 are determined as atop and fourfold hollow on 
Ag( 110 ) at 13K (Fig. 3.10) [3.31]. CO molecules display a contrast reversal 
from indentation to protrusion when imaged with a bare metal tip and CO- 
decorated tip, respectively. The contrast variation associated with a C 2 H 4 
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Fig. 3.10. STM images of CO (a— c) and O 2 (e—g) molecules on a Ag(110) surface 
using different tips, including bare metal (a and e), CO tip (b and f), C 2 H 4 tip 
(c and g) (extracted from [3.31]) 


tip is less than that of a CO tip. The above results indicate the probable 
complexity of the STM tip in obtaining topography imaging. 

In this same study, O 2 molecules appeared as indentations when observed 
with a bare tungsten tip, CO or ethylene (C 2 H 4 )-modified tips, with different 
apparent heights. By subtracting the spectrum background associated with 
the tip molecule, the hindered rotation mode of CO on Ag( 110 ) (21 mcV at 
positive bias and 19 meV at negative bias) was identified with a CO tip, and 
the hindered translation mode of CO on Ag( 110 ) (7 meV) was recorded with 
a C 2 H 4 tip (Fig. 3.11). A feature at around 26 meV was found with a CO 
tip on O 2 [ 110 ], which was suggested to be the hindered rotation of O 2 [ 110 ] 
parallel to the surface and/or the 02 -Ag stretch mode. It is interesting to 
note that the detection of the CO stretching mode (at about 240 meV) using 
the STM method remains a controversial issue. One possible reason might be 
the lateral disruption of the tip at the corresponding energy. 


3.2.2 0 2 Molecules 

O 2 molecules were found to adsorb at fourfold hollow sites on Ag( 110 ) sur¬ 
faces with the O 2 bond axis along the [ 001 ] direction, as shown in Fig. 3.12 
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Fig. 3.11. Tunneling spectra of single CO molecules measured with a bare metal 
tip, b CO tip and c C- 2 H 4 tip. Thick solid line is the subtraction result of spectra 
at the molecular site (thin solid line ) and clean Ag( 110 ) surface (dashed line), d-f 
are parallel experiments with O 2 molecules (extracted from [3.31]) 



Fig. 3.12. Tunneling spectra of single O 2 molecules adsorbed on Ag(110) surface 
(extracted from [3.12]) 
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[3.32]. IETS measurements were able to identify the 0-0 stretch mode at 
82 meV (76.6 meV for 18 02). It was noted in this study that the relevant vi¬ 
brational features are representative of a decrease in tunneling conductance. 
The interpretation was provided by an earlier study that predicted the ex¬ 
citation of vibrational mode could be accompanied by suppression of elastic 
tunneling, as a result of interference between direct tunneling and the exci¬ 
tation of vibrational mode [3.33-3.35], 

Olsson et al. [3.36] used density function theory and the Tersoff-Hamann 
approximation of the tunneling process to simulate the adsorption site and 
LDOS of O 2 on Ag(llO). Consistent results were obtained using an s-wave 
tip and p z -wave tip for imaging. 


3.3 Aromatic Molecules and Macrocyclic Molecules 

The STM technique has significantly advanced our capability" of resolving 
internal structures of single molecules such as benzene and other planar 
and linear species. The adsorption configurations could be more complicated 
than that for small molecules such as CO, because of constitutive functional 
groups. Rigorous interpretation of observed high-resolution molecular struc¬ 
tures has been a challenging topic that requires quantitative calculation of 
the molecule-substrate systems, and of the interaction between tunneling 
electrons and molecular orbitals. These investigations have become a vital 
part in the field of STM-related research. 

3.3.1 Single Benzene Molecules Observed by STM 

The first real-space STM image of benzene was obtained on Rh(lll) surfaces 
when coadsorbed benzene and CO form compacted 3x3 [3.37] and c(\/3 x 
4)rect [3.38] structures. In the 3x3 overlayer structure, both benzene and 
CO are on the hep hollow sites based on LEED analysis. In the c(\/3 x 4)rect 
structure, benzene occupies the hep site and CO is at the threefold hollow 
site, and both species can be resolved in the STM images. The existence of CO 
is an example of using coadsorbates to reduce later diffusion of the molecules 
of interest. A characteristic threefold pattern was observed, consistent with 
the symmetry of empty 7 r orbitals of benzene located near the Fermi level of 
the substrate [3.15]. 

Distinctively different patterns were observed for single benzene molecules 
adsorbed on Pt(lll) surfaces at 4K. Thus, threefold patterns (with two con¬ 
figurations of 60° relative rotation), and cylindrical and simple protrusions 
were typically observed, as shown in Fig. 3.13 [3.39]. The subsequent analysis 
using the electron-scattering quantum chemistry (ESQC) method [3.40,3.41] 
concluded that these characteristic patterns correspond to different adsorp¬ 
tion sites i.e., hep hollow site, on-top site, and bridge site, respectively 
(Fig. 3.14a). These data suggest that the observed patterns of single molecules 
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Fig. 3.13. Characteristic topography images of a single benzene molecule on 
Pt(lll) (extracted from [3.39]) 
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Fig. 3.14. a Schematic adsorption structure model of the adsorption site of benzene 
molecules on a Pt(lll) surface, b Calculated STM images of benzene molecules at 
different adsorption sites (extracted from [3.40]) 
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Fig. 3.15. a STM image of a single benzene molecule on a Ag(110) surface and the 
corresponding tunneling spectrum, b Tunneling spectrum for benzene molecules in 
a dense layer (extracted from [3.42]) 


could be a reflection of the interaction between single molecule and local 
substrate structures (Fig. 3.14b). 

Site-dependent adsorption properties of single benzene molecules on 
Ag(110) were studied by Pascual et al. [3.42,3.43]. Comparison of the ad¬ 
sorbate stabilities demonstrated that benzene is phvsisorbed on Ag(110) sur¬ 
faces at 4K and chemisorbed at temperatures below 66 K [3.43]. Benzene 
molecules were observed to adsorb at the atop sites in open terraces with 
molecular planes parallel to the surface at about 30 K (Fig. 3.15). In addi¬ 
tion, an asymmetric shape for benzene molecules was observed at sites close 
to the corner of kink sites. The IETS study at 4 K revealed significantly 
different characteristics for molecules at the two types of sites (Fig. 3.15). 
The difference was attributed to the distortion of adsorption geometry at the 
kink sites that may modify the interaction between tunneling electrons and 
vibration excitation state [3.42]. 
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In a similar study, benzene molecules were found to adsorb exclusively 
at the sites above step edges, possibly due to the well-known Smoluchowski 
effect [3.44]. The orientation of the compacted molecular domains developed 
at higher benzene coverage is subsequently determined by the step direction. 
In addition, the STM images were observed to be dependent on tip-sample 
separation. The images obtained with a given tunneling bias will vary from 
molecular modulation at large tip-sample separations to clearly Ag(110) lat¬ 
tices at small tip-sample separations [3.45]. This observation could be an 
example of STM imaging of varying decay behavior of sample wave func¬ 
tions. The wave functions of the benzene molecules extend beyond the tail 
of Ag states, and can be detected by an STM tip first when approaching 
the sample surface. With the Ag wave function being screened by the ben¬ 
zene overlayer, the Ag(110) lattice can be observed only at smaller junction 
distance. 

Theoretical simulations by ab initio methods for the total energy and 
electronic structure of benzene molecules adsorbed on graphite and M 0 S 2 
surfaces concluded that the molecular states are weakly mixed with the LDOS 
of the substrate [3.46]. The results support the interpretation of observed 
images of organic molecules as being the decayed tail of molecular orbitals 
situated far away from the substrate Fermi level. 

Adsorption of benzene molecules on oxygen pre-covered Ni(110) surfaces 
causes structural transition from (3 x 1) to (2 x 1) as a result of compression 
of-Ni-O- rows [3.47]. The benzene molecules were observed to adsorb along 
the newly opened trough in a [001] direction. STM observations of adsorbed 
benzene molecules on Cu(lll) surfaces at 77K revealed two distinct states, 
i.e., two-dimensional solid state along step edges, and two-dimensional molec¬ 
ular gas state in open terraces [3.48,3.49]. In the two-dimensional solid state, 
the benzene molecules are densely packed along step edges, and nucleate into 
small islands on terraces above step edges. The interface is formed at the 
boundary of the nucleated bands, which allows direct investigation of the 
dynamic behavior of individual molecules in two-dimensional gas and solid 
states. 

Individual benzene molecules were observed to adsorb at the fourfold 
hollow sites of Pd(110) surfaces and evolve into a molecular superlattice of 
c(4 x 2) within a temperature range of 100-300 K [3.50]. A diffusion barrier of 
about 0.57 eV along the [001] direction was estimated based on the hopping 
rate of benzene molecules determined from STM images. 

A variety of adsorption structures have been observed for iodobenzenes on 
Cu(lll) at near-saturation coverage. As many as seven coexisting superstruc¬ 
tures were identified with submolecular resolution [3.51]. The results point 
to the joint effect of molcculc-molcculc and molecule-substrate interactions 
for physisorbed species. The tip-induced dissociation effect of the adsorbed 
iodobenzene molecules will be discussed in the next chapter. 
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3.3.2 Phthalocyanines (Pc) 


The first high-resolution image on “flat-lying” copper phthalocyanine (CuPc) 
molecules was obtained on a Cu(100) surface. A clearly resolved fourfold 
symmetry is consistent with the symmetry of molecular orbitals (HOMO 
and LUMO) [3.2]. The observed internal structures provide direct mapping 
of the density of states distribution of the molecule-substrate system. CuPc 
monolayers on graphite and M 0 S 2 surfaces prepared by the molecular beam 
epitaxial method were also studied by STM. Two distinct assembly phases 
were observed on M 0 S 2 , and a quadratic, close packing pattern was observed 
on graphite surfaces [3.52]. 

The contrast of center ions of metal phthalocyanine (MPc) in STM images 
has been shown to be related to the metal ion valence configurations [3.53— 
3.55]. Specifically, the Co(II) d 7 and Fe(II) d 6 have larger d orbital contribu¬ 
tion at the Fermi level than do Cu(II) d 9 , and Ni(II) d 8 ions, corresponding 
to bright and dark contrasts in STM images, respectively (Fig. 3.16). 

Individually adsorbed CuPc molecules were found immobilized on semi¬ 
conducting surfaces of hydrogen-terminated Si(lll) [3.56,3.57], Si(100) [3.57], 
GaAs(llO) [3.58], InSb(lOO), and InAs(lOO) [3.59,3.60]. The CuPc molecules 
are positioned on top of the Si dangling bonds with symmetric configuration. 
CuPc molecules were observed to adsorb on terraces of Ag(110) surfaces and 
induce faceting [3.61]. In another study, monoatomic steps on Ag(lll) sur¬ 
faces were also observed to be modified by the adsorption of CuPc [3.62]. 

Apart from the STM studies under ultra-high vacuum conditions, it was 
demonstrated that peripherally coordinated alkane chains could substantially 
improve the adsorption and immobilization of phthalocyanines on inert sur¬ 
faces such as graphite, in organic solutions or under ambient conditions. 



CoPc & CuPc Adsorbed on Au(111) 


Fig. 3.16. Topography of a mixed assembly of CoPc and CuPc on a Au(lll) 
surface. The bright-centered molecules are CoPc and the dark-centered molecules 
are CuPc (extracted from [3.53]) 
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Fig. 3.17. Tunneling spectroscopy of VOPc adsorbed on Au(lll). Upper panel is I 
versus V and lower panel is dl/dV versus V characteristics (extracted from [3.67]) 


Highly resolved submolecular features of the phthalocyanine cores and the 
interdigitated alkyl parts are clearly visible [3.63]. This approach can be 
adapted to studies of other molecules to observe submolecular features, and 
could also be helpful to obtain two-dimensional assemblies of mono-dispersed 
molecules, especially planar molecules. 

For the non-planar type of MPc such as SnPc, STM images can help 
directly resolve the orientation of the molecular plane [3.64], Tunneling spec¬ 
troscopy measurements of SnPc adsorbed on graphite surfaces indicated an 
energy gap of around 3.4 eV [3.65], For PbPc adsorbed on M 0 S 2 , the Pb 2+ ion 
is positioned out of molecular plane due to the large ion radius. Both bright 
and dark contrasts were observed as a result of molecular geometry [3.66], An¬ 
other non-planar phthalocyanine species is vanadyl phthalocyanine (VOPc), 
in which the oxygen atom is positioned outside the phthalocyanine molecular 
plane at a similar distance as that of Pb in PbPc. However, only dark-centered 
molecular patterns were observed [3.67,3.68], in contrast to the results on 
PbPc and SnPc. This was attributed to the blocking effect of oxygen atoms 
that hampers the tunneling current. The accompanying spectroscopy mea¬ 
surements revealed an energy gap of around 2 eV (Fig. 3.17). 

An example of electronic properties of phthalocyanines is found in their 
potential to act as a molecular rectification unit. Evidence of rectification 
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behavior of CuPc was observed in the asymmetric I—V characteristics mea¬ 
sured by STS methods using acidified graphite as substrate [3.69]. In this 
case, the CuPc molecules were bonded to the substrate through N atoms in 
the outer ring, resulting in a tilted molecular plane relative to the substrate 
surface. There may be several factors that contribute to the reported rectifi¬ 
cation phenomena, including asymmetric tunneling junction configuration of 
substrate-molecule-tip, molecular front orbitals, etc. The capability of mea¬ 
suring tunneling characteristics at single molecule level should help advance 
our knowledge on the mechanisms of electron transportation in molecules. 


3.3.3 Porphyrin 

A number of porphyrin molecules have been subjected to STM studies. 
Cu-tetra[3,5 di-t-butylphenyl]porphyrin (Cu-TBPP) consists of a porphyrin 
core connected with four additional di-tertiary butylphyenyl(DBP) ligands 
as appendages [3.70], High-resolution STM images on Cu-TBPP adsorbed 
on Cu(100), Au(110), and Ag(110) surfaces revealed characteristic molecu¬ 
lar patterns for the molecule, which were attributed to the rotation of DBP 
groups as a result of different molecule-substrate interactions. The molecule 
interacts with the substrate surface through the hydrocarbon groups in DBP 
ligands. This interaction can vary according to substrate atomic corruga- 



Fig. 3.18. Molecular structures of cyanophenyl porphyrin with differently 
numbered cyanophynyl substitution groups, a 5, 10, 15, 20-tetrakis-(3, 5-di- 
tertiarybutylphenyl) porphyrin (H 2 -TBPP); b CTBPP; c cis-BCTBPP; d trans- 
BCTBPP (extracted from [3.72]) 
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Fig. 3.19. a— d Characteristic molecular aggregate structures on a Au(lll) surface 
for the molecular species a—d in Fig. 3.18, respectively, e—h are the high-resolution 
images of the molecular aggregates, i— 1 are the corresponding molecular models 
(extracted from [3.72]) 


tion and spacing. Such variations would be compensated by the rotation of 
phenyl-porphyrin bonds, and reflected in apparent changes in STM images. 
This work demonstrated that the observed molecular patterns could be a 
reflection of subtle changes in molecule-substrate interactions. 

The Cu-TBPP molecules can also be laterally manipulated by an STM tip 
at room temperature [3.71]. The experiments on Cu(110) surfaces involved 
using an STM to mechanically contact the molecule to overcome the diffusion 
barrier due to interaction of the hydrocarbon groups with the substrate. The 
force motion of the molecule was observed to resemble a “slip-stick” type of 
pattern. 
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Fig. 3.20. STM images of a CuEtiol, b XeCDCuEtiol, c Xe 2 @CuEtioI, 
d Xe 4 @CuEtiol (extracted from [3.74]) 
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Fig. 3.21. Structural model of Xe-CuEtiol complexes (extracted from [3.74]) 


Intermolecular interactions can be adjusted by the dipole-dipole inter¬ 
action via functional groups, and thus provide a venue to design and con¬ 
struct supramolecules [3.72,3.73]. An example can be seen in cyanophenyl 
porphyrin aggregations (Fig. 3.18). The H 2 -TBPP molecules were preferen¬ 
tially adsorbed at the kink sites on Au(lll) surfaces (Fig. 3.19). The aggre¬ 
gated cluster geometry is shown to be adjustable by changing the number 
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and location of cyano-substitution groups. As a result, monomer (H 2 -TBPP, 
without cyano-substitution), trimer(CTBPP), and tetramer(cis-BCTBPP) 
as well as one-dimensional molecular wire structures (frans-BCTBPP) can 
be obtained. 

Molecular complexes of xenon-Cu(II) etioporphyrin I (CuEtiol) have been 
demonstrated with precision manipulation of xenon atoms to various sites on 
the CuEtiol molecules on Cu(001) at 11 K (Figs. 3.20 and 3.21) [3.74], 


3.3.4 Heterocyclic Molecules 

STM and STS studies of five-membered heterocyclic molecules of pyrrole, thi- 
olphene, pyrrolidine and tetrahydrothiophene adsorbed on Cu(001) surfaces 
at 9 K showed that the unsaturated heterocycles (pyrrole and thiophene) in¬ 
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Fig. 3.22. STM images and cross-sectional profiles of a, b tetrahydrothiophene 
and thiophene, c, d pyrrolidine, e, f pyrrole molecules on a Cu(001) surface, g and 
h are two adsorption conformations (extracted from [3.75]) 
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Fig. 3.23. Tunneling spectroscopy of molecules of a pyrrole on Cu(001), b thio¬ 
phene on Cu(001), c tetrahydrothiophene on Cu(001), d pyrrolidine on Cu(001), e 
pyrrolidine-d8 on Cu(001), and / pyrrolidine on Ag(001) (extracted from [3.75]) 


teract with metal surfaces through 7r-electron interaction, whereas saturated 
heterocyles (pyrrolidine and tetrahydrothiophene) adsorb with the lone-pair 
electrons (Fig. 3.22) [3.75]. The conclusion is derived from tunneling spec¬ 
troscopy on single molecules. The flat-lying molecules (pyrrole and thiophene) 
showed no vibrational modes whereas a number of modes can be identified 
with pyrrolidine and tetrahydrothiophene molecules (Fig. 3.23). In addition, 
pyrrolidine displayed features ascribed to the conformation switching between 
standing and bent orientations on Cu( 001 ) and Ag( 001 ) [3.76], This effect was 
shown as negative differential resistance and could be explored as molecular 
switches. 

In a separate study, six-membered heterocyclic molecules, pyrimidine 
molecules, were observed to preferentially adsorb on open terraces, rather 
than step sites on Pd( 110 ) [3.78], The pyrimidine (1,3-diazine, C 4 H 4 N 2 ) ring- 
structure contains two nitrogen atoms. The lone pair of electrons associated 
with the nitrogen atoms can lead to preferential adsorption to the substrate 
and hydrogen bonding between molecules. The molecules were found to ad¬ 
sorb parallel to the surface and remain stable at room temperature. No sig¬ 
nificant variation in adsorption populations for the on-top sites of Pd[110] 
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row and midway sites was observed. The tendency of forming dimers was 
also identified as a result of attraction (most likely, the hydrogen bonding 
between the nitrogen atom and the hydrogen in the CH group) between 
pyrimidine molecules. 

The above studies demonstrate that the interactions due to ^-electrons 
and lone-pair electrons within heterocyclic molecular structures can signifi¬ 
cantly affect the adsorption configuration of single molecules, as well as the 
tunneling characteristics. Such studies fall into the wider category of design¬ 
ing functional molecular devices through molecule-substrate interactions. 

3.3.5 Fullerene 

Monolayers and multilayers of Cqo molecules have been obtained on a num¬ 
ber of surfaces, such as GaAs(llO) [3.78], Si(lll) [3.79], thiol SAM [3.80], 
and Pd(110) [3.81]. One-dimensional C6o chains have been constructed on 
Au/Ni(110) surfaces along Au chains [3.82], and thiol SAM templates on 
Au(lll) surfaces [3.83]. Individual Cgo molecules were observed on Si(100)- 
2x1 surfaces with submolecular resolution [3.84,3.85], TiO2(100)-(l x 3) 
[3.86], and Au(110)-(1 x 2) surfaces [3.87,3.88]. The high-resolution STM 
images revealed a variety of submolecular characteristics for single Cgo 
molecules, depending on their orientations (Fig. 3.24) [3.89]. 

The internal fine structures of fullerene cages can also be revealed by 
using the STM technique. The spatial characteristics of a single Dy atom 
encapsulated within a Cg 2 cage can be clearly resolved together with the 
molecular orientation of cage structure. In addition, the orbital hybridization 
and charge transfer effects between Dy and Cg 2 were also identified [3.90]. 

Bimolecular arrays of C6o have been obtained on decanethiol lamella tem¬ 
plates on Au(lll) by annealing treatment. The C6o molecules were adsorbed 
atop thiol groups in the stripes of decanethiols [3.83]. In a separate study, by 
using a Cgo-decorated tip, a threefold electron scattering pattern was directly 
imaged at the defect sites on graphite surfaces at room temperature [3.91]. 
This is ascribed to the sharpened local density of states from the molecular 



Fig. 3.24. a and b illustrate two examples of STM images for two different orienta¬ 
tions of C6o molecules. Insets are the calculated STM images (extracted from [3.89]) 
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orbitals of Cqo, which is the effective tip. Similar patterns were also observed 
subsequently by using tungsten tips at 77 K [3.92], 

3.3.6 Other Molecules 

Submolecular resolutions have also been demonstrated in a wide range of 
molecular assemblies, such as naphthalene on Pt(lll) [3.93], TTF-TCNQ 
[3.94], PTCDA [3.95—3.97], and NTCDT [3.98], The evidence of interac¬ 
tion between electrons of molecular adsorbates with the substrate was sub¬ 
sequently found in the adsorption of single Lander molecules (CgoHgg) on 
Cu(110) surfaces by Rosei et al. [3.99]. The molecules were deposited on the 
surface at room temperature and were removed from their original adsorp¬ 
tion sites at lower temperature (100-200 K). The authors observed that the 
adsorption sites previously occupied by the molecules were transformed into 
a characteristic nanostructure two Cu atoms wide and eight Cu atoms long. 
This observation pointed to the limited diffusion of Cu atoms at kink sites 
under room temperature that enables the restructuring of surface atoms and 
retained at lower temperature. The individual molecules were adsorbed at the 
lowest energy conformation at the step edges, and subsequently transformed 
the underlying atom arrangements at the adsorption sites. 

In a similar study, molecular-induced imprints were identified on Cu(110) 
at the adsorption sites previously occupied by hcxa-tcrt-butyl-dccacyclcnc 
(HtBDC, C 60 H 66 ) molecules (Figs. 3.25, 3.26) [3.100,3.101]. The cause for 
the reconstructed local lattice was ascribed to a possible steric effect of the 
t-butyl groups that contacted the surface, or the enhanced reactivity due 
to the molecule-substrate interaction based on the relationship of bonding 
strength and the metal coordination number at the adsorption site [3.102]. 

The conformations of L-Lander molecules adsorbed on Cu(100) surfaces 
were characterized by the distance between the observed lobes using STM 
[3.103]. The interaction between the central molecular board and the sub¬ 
strate causes the rotation of the attached legs. The adsorbate-induced re¬ 
moval of substrate atoms was also observed by chiral molecules of cystein on 
Au(110) surfaces [3.104], 

The preferential adsorption behavior of Lander molecules was observed on 
pre-oxidized Cu(110) surfaces [3.105]. The Cu-O/Cu surface consists of peri¬ 
odic one-dimensional strips of bare Cu and reconstructed (2 x l)-0 regions. 



Fig. 3.25. Structure of HtBDC molecules (extracted from [3.100]) 
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Fig. 3.26. a, b STM observations showing Cu atoms being removed from the sur¬ 
face after the adsorption of HtBDC molecules at 41 K. c Schematic of the adsorption 
of HtBDC molecules on a Cu(110) surface (extracted from [3.100]) 


The adsorption of Lander molecules is exclusively on the metallic part of 
the surface, suggesting the attractive interaction between the 7r board of the 
Lander molecules and the underlying charge density is the dominant source 
for immobilizing the adsorbates. In addition, the orientation of the Lander 
molecules could also be adjusted in order to fit in the metallic part of the 
surface. 


3.4 Single Hydrocarbon Molecules 

Remarkable resolution was demonstrated by Stipe et al. [3.106] for the tun¬ 
neling spectroscopy of individual acetylene (C 2 H 2 ) adsorbed on Cu(110) sur¬ 
faces. This was the first time that STS was used to study vibrational char¬ 
acteristics of a single molecule. The evidence of C-H stretching mode was 
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Fig. 3.27. STM image of single acetylene molecules on Pd(lll) obtained at 40 mV 
and 400 pA (left), Calculated STM imag e(right) (extracted from [3.108]) 


obtained in the second-order derivative of the tunneling current, d 2 I/dV 2 
versus V characteristics. The acetylene molecule is stabilized on Cu surfaces 
through C-Cu bonds, with the C-H pointing outward from the Cu surface. A 
deuterium isotope effect was also confirmed in the tunneling spectrum. The 
results opened possible applications of the STS method for inelastic electron 
tunneling spectroscopy of single molecules. Theoretical analysis suggested 
that the coupling between tunneling electrons and the molecule is short- 
range and non-resonant, and further confirmed that the contribution from 
C-H or C-D stretch modes is dominant, compared with other vibrational 
modes [3.107], 

The adsorbed single acetylene molecules on Pd(lll) were recorded as indi¬ 
vidual protrusion-depression pairs by STM (Fig. 3.27) [3.108], The molecules 
were found to rotate randomly in three equivalent orientations 60° apart at 
temperatures around 44 K. This is considered as evidence of threefold adsorp¬ 
tion sites, i.e., hep and fee sites on the surface. The apparent shape of the 
molecule was confirmed by simulations to bind to both hep and fee hollow 
sites with the molecular axis (C-C bond) parallel to the surface. A slight 
tilt of the molecular plane was conjectured to achieve optimized overlapping 
between the tt orbital of the molecule and the STM tip, thereby causing 
the asymmetric topographic appearance. It was also found that lateral dif¬ 
fusion of molecules begins at around 70 K [3.108], In another study, ethylene 
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molecules were identified to adsorb at on-top sites of Pd(110) along a [110] 
direction and form a 3 x 1 overlayer structure [3.109], 


3.5 Single Molecules Immobilized by Molecular Matrix 

In order to achieve submolecular resolution with an STM, one needs to im¬ 
mobilize the single molecules sufficiently on the substrate. Such immobiliza¬ 
tion may not be obvious for assembled structures that could yield very high 
imaging qualities. However, success in imaging isolated, individual molecules 
requires more stringent conditions. The key is to reduce diffusion to sustain 
inevitable disturbances associated with the scanning probe. 

One prevalent approach suitable for ultra-high vacuum STM studies is 
cooling to lower temperatures, which would reduce the diffusion mobility of 
adsorbed species on surfaces. Such a preparation approach by direct cooling 
is still widely adopted in current STM studies on single molecules. 

Other approaches involve the assisted immobilization effect from different 
coadsorbate species. One of the first demonstrations of this approach was seen 
as benzene coadsorbed with CO on Rh(lll) surfaces. CO molecules were 
introduced to inhibit the lateral diffusion of benzene molecules [3.37]. The 
existence of CO molecules can be seen in the c(2\/3 x 4) structure [3.38]. This 
immobilization scheme can be extended for studies carried out in ambient 
conditions and solvents, as shown in the following discussions. 

Assembled networks with cavities of various sizes and geometries provide 
another viable approach to explore guest-host interactions by immobilizing 
guest species at single molecule level. Such efforts could be expanded into the 
generalized areas of host structure construction and physicochemical proper¬ 
ties of the resulting complexes [3.110,3.111]. 


3.5.1 Hydrogen-Bonded Networks and Single Molecule Inclusions 

As one of the most useful interactions, hydrogen bonds require specific di¬ 
rections and interaction ranges, and exist in many molecular species. These 
interaction properties have been extensively studied and used in molecular 
self-assemblies. In a recent study, the hydrogen bond configuration of 1,3,5- 
benzenetricarboxylic acid (trimesic acid, TMA) adsorbed on Cu(100) surfaces 
was observed to depend on temperature [3.112]. At low temperatures ^around 
200 K), a honeycomb-like network with core diameter of about 20 A is the 
stable structure, whereas the striped structure prevails at room temperature. 
The distortion of the hexagonal molecular lattice is due to the preferen¬ 
tial adsorption at the hollow sites of the fourfold lattice of Cu(100) sub¬ 
strates [3.112]. In addition to the hexagonal honeycomb lattice, the “flower” 
structure is also stabilized by hydrogen bonding with two different cavity 
sizes [3.113]. Single TMA molecules can be observed as guest species in the 
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Fig. 3.28. a ancl b illustrate the inclusion of single TMA molecules in the TMA 
networks, c Structural model of a guest molecule trapped inside the host network. 
Reproduced with permission from [3.113] 


cavities of existing networks. The entrapped guest TMA molecule was sug¬ 
gested to be stabilized by two hydrogen bonds to the host network, as shown 
in Fig. 3.28. Little effect on the host lattice geometry from the guest molecule 
can be observed. 

Large areas of hydrogen-bonded molecular network-formed byperylene 
tetra-carboxylic-di-imide (PTCDI) and 1,3,5-triazine-2,4,6-triamine (mela¬ 
mine) were obtained on Ag/Si(lll)-\/3 x \/3R 30° surfaces under UHV con¬ 
ditions [3.114]. This supramolecular network adopts a hexogonal pattern with 
a lattice constant of 34.6 A. The open pores can be packed with up to seven 
Cgo molecules. The adsorption registry of Cgo heptomers is clearly resolved 
and is found different from that of Cgo on Ag/Si(lll)-v / 3 x \/3R 30°. This 
is a reflection of the effect of the host lattice structure. In addition, the Cgo 
can also adsorb directly on top of PTCDI and melamine molecules, leading 
to a replicated lattice structure. 

As another example, a monolayer of 1,3,5-tris (carboxymethoxy) ben¬ 
zene (TCMB) shows two-dimensional hexagonal networks formed by hydro¬ 
gen bonds, whereas the monolayer of 1,3,5-tris (10-carboxydecyloxy) benzene 
(TCDB) shows two-dimensional tetragonal networks on highly oriented py- 
rolitic graphite (HOPG) [3.115]. The inclusion effect of hydrogen-bonded two- 
dimensional networks of TCDB was demonstrated on the surface of highly 
oriented pyrolytic graphite (HOPG) in ambient conditions [3.116], With the 
TCDB network as the host structure and copper(II) phthalocyanine (CuPc), 
coronene, decacyclene and pentacene as guest molecules, the host-guest ar¬ 
chitectures of CuPc/TCDB and coronene/TCDB were achieved when host 
and guest molecules coadsorbed on HOPG. An appreciable variation of the 
lattice dimension was observed as a result of the guest-host interaction. Con¬ 
trol of adsorption site and geometry of organic molecules in self-assembled 
monolayers was accomplished by this method. 

Self-assembled, second-generation Frechet-type dendrons have been ob¬ 
served to assemble into nearly uniform, disk-shaped structures connected by 
hydrogen bonds at the focal points on a graphite surface [3.117]. Two kinds 
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of cavity regions can be observed: one in the center of the disk, with a diam¬ 
eter of about 0.8 ± 0.1 nm, the other (which was surrounded by three disk 
units) in the inter-disk region, with a diameter of about 1.3 ± 0.1 nm. The 
measured values agree with those of a simplified structural model. 

The above examples suggest there are ample molecular species that can 
be used for building molecular lattices via hydrogen bond interaction. The 
cavity symmetry and size can be designed by using different molecules. Such 
capability is certainly an expansion of using bare substrates as adsorption 
support, and will enable studies of novel composite molecular structures. 

3.5.2 Molecular Networks Stabilized by van der Waals Interaction 

In contrast to the highly directional hydrogen bond interaction, the van der 
Waals interaction is ubiquitous among molecules, wellknown as the important 
driving force for molecular crystallization and assembling processes. Charac¬ 
teristic hexagonal and quasi-quadratic structures derived from the first gener¬ 
ation of n-alkoxy-substituted stilbenoid dendrimers have been observed. The 
assembly structures are stabilized by the interdigitated alkoxy chains, and 


Pc 

PcCCB 





Fig. 3.29. a Immobilization of single molecules inside the quadratic lattices of 
alkylated phthalocyanines. No distortion of the host lattice geometry is observed, 
b Structural model of the guest molecule entrapment, c Side view of the molecular 
structure (extracted from [3.119]) 
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Fig. 3.30. Effect of guest molecule insertion on the lattice spacing (extracted 
from [3.119]) 


the lattice geometry changes appreciably as the alkoxy chain length increases 
to more than 16 carbon units [3.118]. The interaction between the constituent 
molecules is solely van dcr Waals force. 

Quasi-quadratic molecular lattices can also be constructed by interdig- 
itated alkylated copper phthalocvanines [3.63]. The trapping effect of two- 
dimensional assembly of octa-alkoxyl-substituted phthalocyanine (PcOC8) 
for individual molecules of phthalocyanine, prophyrins, and calix[8]arene has 
been observed (Fig. 3.29) [3.119]. It was shown that single molecules are 
trapped in quadratic, rather than hexagonal lattices, and domain bound¬ 
aries are the preferential trapping sites, compared with sites within the do¬ 
mains [3.119]. The observed trapping behavior is, in some respects, analogous 
to the impurity segregation phenomena of point defects, dislocations, and 
grain boundaries in solid-state materials. 

The molecular inclusion-induced spacing increase between host molecular 
rows is presented in Fig. 3.30. It is evident that, with an increase in inter¬ 
calating molecular size, the distances of neighboring PcOC8 rows increase 
correspondingly. This could be an indication of the flexibility of the PcOC8 
lattice. The insertion of molecules in the initially packed lattices leads to 
enhanced repulsive interaction between molecules. On the other hand, the 
overlapping alkyl parts could readjust to accommodate additional molecules 
and compensate the associated increment of repulsions. Molecular networks 
thus show a certain degree of flexibility in trapping differently sized and 
shaped single molecules. 


3.6 Single Molecule Adsorption on Organic Substrates 

The finite tunneling range (typically within 1 nm) in the STM method in 
principle can detect two layers of molecules, each a few angstrom high. It 
has been known from a number of reports that double molecular layers can 
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be resolved with STM. This fact has opened the possibility of striding single 
molecule adsorption on top of monolayers of organic molecules. This is an ad¬ 
ditional advantage of the STM method that is readily applicable to studies on 
bare surfaces, as presented in the preceding sections. The theoretical analysis 
of single molecule adsorption, such as adsorption configurations and kinetics, 
is analogous to that of bare metal and semiconductor surfaces. The results 
can also be directly related to investigations of the interface of heterogeneous 
organic structures with various functionalities. The examples provided in this 
section illustrate some progress in this area. 

Molecular adsorption-induced effects, such as molecular diffusion, and sur¬ 
face restructuring, are well documented in the case of molecular adsorption 
on metal and semiconductor substrates [3.120-3.123]. By contrast, only few 
experimental studies have been dedicated to the microscopic effects of molec¬ 
ular adsorption on an organic molecular supports [3.124-3.126]. The pancity 
of information on microscopic adsorption on organic substrates could be due 
mainly to the lack of experimental capabilities suitable for such systems. 
With the wealth of functionalities associated with molecular assemblies, it 
is conceivable that such studies could be highly rewarding. The informa¬ 
tion obtained should be of high importance to the construction of molecular 
nanostructures in both two and three dimensions. 

Considering the different polarity and electronic properties of functional 
groups from the family of alkane derivatives, monolayers of alkane deriva¬ 
tives could provide ideal templates for the investigation of adsorption be¬ 
havior of organic molecules. Compared with the nanofabricated surface, this 
alkane-derivative-modified surface is purely organic, rather than metallic or 
semiconducting. The relative polarity and the ratio of polar/non-polar areas 
could easily be modified by changing the functional groups and the chain 
length of the alkane derivatives. 

The interlayer interaction is an important factor for determining the over¬ 
layer structures. The heterogeneous organic-organic interface is generally 
associated with weak interactions, typically van der Waals force. The in¬ 
term olecular interactions are the dominant factors, such as in the case of 
PTCDA on thiol SAM [3.124]. The introduction of various functional groups 
to the buffer layer offers possibilities to further explore the effect of molecular 
interfacial interactions on the assembly structures. 


3.6.1 Simple Alkane Lamella 

When pre-covered on the support surface, molecular lamella structures inher¬ 
ently introduce the heterogeneous adsorption sites and anisotropic diffusion 
barriers associated with functional groups. The presence of heterogeneous ad¬ 
sorption sites can result in the selective adsorption of single molecules. The 
adsorbed species would also experience the anisotropic diffusion barrier, and 
would organize in a restricted manner. 
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Fig. 3.31. Isolated CuPc selectively adsorbed on the hydrocarbon-chain portion 
of stearic acid (left), and CuPc dimer adsorb on the monolayer of 1-octadecanol 
(right) [3.127]. Copyright 2004 American Chemical Society 


Site-selective adsorption of copper phthalocyanine (CuPc) has been ob¬ 
served atop organic surfaces of monolayers of various alkane derivatives 
(stearic acid, 1-octadecanol and 1-iodooctaecane) supported on the surface 
of HOPG. STM studies showed that the alkane derivatives form lamella tem¬ 
plates, which direct the adsorption of the CuPc. This selective adsorption 
behavior is attributed to a preference of the CuPc for adsorption on the 
hydrocarbon-chain portions of the supporting layers [3.127]. 

When phthalocyanine (Pc) molecules coadsorb with stearic acid, isolated 
and paired Pc molecules can be detected on top of the stearic acid mono- 
layer, as shown in Fig. 3.31 [3.127]. The Pc molecules are located on top 
of the alkane part of stearic acid lamellae, whereas no Pc molecules were 
observed at the location of carboxyl groups. This immobilization effect of 
alkanes may originate from the variation of adsorption barrier due to van der 
Waals interaction among molecules. 

Two representative adsorption sites are considered in molecular mechan¬ 
ics simulations schematically shown in Fig. 3.32, i.e., site II in which CuPc 
adsorbs on the top of troughs linked by head-to-head functional groups, and 
site I in which CuPc adsorbs on the alkyl moiety [3.126]. The calculated re¬ 
sults indicate that the system potentials at site I are higher than those at 
site II, by more than 21 kJ mol -1 for three alkane derivative systems. This 
may be caused by two factors. For one, the trough linked by head-to-head 
functional groups is about 3 A in width and the concentration of atoms in 
the trough is less than that for other sites of the organic monolayers. Con¬ 
sequently, the van der Waals interaction between the adsorbed CuPc and 
underlying organic substrate decreases when CuPc adsorbs on the top of the 
trough. Moreover, seeing that the trough is linked by atoms and groups of 
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Fig. 3.32. Simulation of the adsorption energetics of CuPc molecules at different 
sites on top of alkane lamellae, a Schematics of the adsorption sites, b Adsorption 
energies of CuPc at different sites on alkane layers 


large polarity, the electrostatic repulsion between the ring of CuPc and the 
functional groups will be stronger than that between CuPc and alkyl. These 
two factors may drive the selective adsorption of CuPc on the alkyl moi¬ 
ety to achieve the most stable adsorption state. The selectivity is dependent 
on the relevant functional groups and could vary among alkane derivatives. 
This analysis suggests that molecular surface decoration can be essential in 
achieving an optimized immobilization effect of guest species. 


3.6.2 Alkylated Amino Acid Molecular Templates 

Site-selective adsorption of urea molecules has been observed on the lamella 
templates of double-alkyl amino acids [3.128]. The unprotected amino acid 
groups were found to be the preferential adsorption sites, as illustrated in 
Fig. 3.33. Each amino acid group can adsorb either one or two urea molecules, 
as reflected by the local clustering of the adsorbates at some adsorption sites 
in Fig. 3.33b. By contrast, the lamella structure of single-alkyl amino acids did 
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Fig. 3.33. a, b Selective adsorption of urea molecules at the sites of amino groups, 
c Schematic of site-selective adsorption of guest molecules atop molecular templates. 
Reproduced with permission from [3.128] 


not show any templating effect, as a result of dimer formation that saturates 
the functional groups. 

However, such saturation of the amino acid groups can be avoided 
introducing fatty acids (C23H47COOH) as the matrix molecule [ 3 . 128 ]. The 
alkyl-substituted amino acids are randomly distributed within the matrix 
lamella of C23H47COOH, and the amino acid groups are available for inter¬ 
action with adsorbates such as palladium(II) acetate and urea. 

3.6.3 Tridodecyl Amine (TDA) Templates 

An apparent template effect has also been illustrated with lamellae of tri¬ 
dodecyl amine (TDA) molecules on the adsorption, diffusion and assembly 
structures of copper phthalocyanine. The conformation of nitrogen atoms in 
the amine group of TDA is tetrahedrical, the nitrogen atom sitting on one 
acme of this tetrahedron (Fig. 3 . 34 ). Since the C-N bond is dipolar, amine 
molecules are also dipolar, the nitrogen being partially negatively charged. 
Thus, when amine molecules adsorb onto an inert surface of graphite, there 
exists a net dipole moment pointing nearly perpendicular to the surface. 
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Fig. 3.34. a High-resolution STM image of the TDA lamella structure and b pro¬ 
posed packing model of the lamella structure [3.129]. Copyright 2003 American 
Chemical Society 


Benzoic acid was found exclusively on the TDA assembly adsorbed through 
Irydrogcn bonding at the sites of amine groups [3.129]. This shows the pos¬ 
sibility of using alkane derivative lamellae as templates to direct adsorption 
and assemblage of other organic molecules. 

By co-deposition of TDA with copper phthalocyanine (CuPc), isolated 
CuPc molecules and clusters can be stabilized in the alkane part of the lamel¬ 
lae (Fig. 3.35) [3.130]. When coadsorbed with TDA at low CuPc:TDA ratio, 
CuPc dimers are most commonly observed, with a smaller population of 
quadrimers and hexamers. From the large-scale view in Fig. 3.34, one can 
observe two CuPc molecules located on both sides of the amine group of the 
TDA lamellae. The CuPc dimers appear to adsorb on top of the alkane part 
of the TDA lamellae. 

The lateral diffusion of the single CuPc molecules as well as clusters of 
adsorbed CuPc molecules was found exclusively along the direction of the 
TDA lamellae. Such highly directional diffusion behavior can be considered 
direct evidence of the one-dimensional template effect of TDA lamellae. Such 
effects have never been observed on lamellae of simple alkanes, possibly due 
to the lack of functional groups that could establish sufficient diffusion bar¬ 
riers for the overlayer adsorbates. This concept may be generalized to the 
construction of molecular templates for novel molecular nanostructures. 

There are many aspects of molecular templates yet to be explored in 
a wide range of single molecules and molecular ensembles, such as sensor 
or catalytic behavior of molecular assemblies, molecular devices based on 
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Fig. 3.35. Isolated CuPc molecules observed on lamellae of TDA. Arrows indicate 
the migration of the molecules in consecutive scans in a and b [3.130]. Copyright 
2004 American Chemical Society 


heterogeneous assemblies (donor, acceptor, p-, and n-types), and assemblies 
of molecular magnets. It is conceivable that with the rich variety of functional 
groups that can be incorporated into molecular structures, the pursuit of 
templates with novel physicochemical properties could be fruitful. Efforts 
in theoretical analysis of the assembling processes arc important in gaining 
deeper insight of the driving mechanisms. 


3.7 Electron-Spin Resonance Study of Single Molecules 

Along with the effort to immobilize individual molecules on various surfaces, 
it is recognized that chemical identification of individual molecules is a great 
challenge to the STM method. Incorporating chemical specificity into the 
structural resolution capability of STM is the leading demand in the de¬ 
velopment of STM techniques. The tunneling spectroscopy of the electronic 
structures and vibrational modes of molecules sets examples for such endeav¬ 
ors. The detection of the electron-spin resonance effect using STM discussed 
in this section represents an effort from a different perspective. 

Electron-spin resonance from single molecules is an important signature 
for identifying the chemical nature of the molecule. Efforts at single molecule 
recognition using the electron-spin resonance effect can be seen from electron 
tunneling, force and optical detection approaches. The latter two experimen- 
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Fig. 3.36. a Schematic of the setup for measuring STM-ESR spectra, b Individual 
BDPA molecules on a graphite surface (extracted from [3.134]) 


tal schemes will be presented in the following chapters. In the electron tun¬ 
neling approach, the spin centers can interact w T ith the tunneling electrons 
through the magnetic dipole field localized at the spin centers, or affect the 
local density of states due to exchange interactions [3.131-3.134]. It should 
be noted that there are ongoing discussions on the nature of the interaction 
between the spin centers and the tunneling electrons. In either of the above 
two interacting mechanisms, the magnitude of the interaction strength is de¬ 
pendent on the orientation of the spin that can be modulated by an external 
magnetic field (either DC or AC). Such modulation can be described by the 
Larmor angular processing frequency u: 

v = gg B B/h 

where g is the g-value of the spin center, g B the Bohr magneton, and B the 
applied field. 

As a result, the tunneling current may contain an ac component in the 
radio-frequency (rf) regime that corresponds to the spin-resonance effect. The 
Larmor precession frequency modulation can be measured from the tunneling 
current using a spectrum analyzer (Fig. 3.36). 

There are three reported types of spin centers studied by the STM 
method, namely, Si radicals on partially oxidized silicon surfaces [3.131], iron- 
doped Si systems [3.133], and molecular radicals [3.134]. As an example, in 
the study on single molecular radicals, the magnetic field was introduced 
by a small Sm/Co permanent magnet of field strength 190-300 G at the 
sample surface. The measured STM-ESR spectra of single molecules of a, 7 - 
bisdiphenylene /3-phenylallyl (BDPA) confirmed the linear dependence of the 
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Fig. 3.37. a, b STM-ESR spectrum of BDPA molecules ancl c the control spectrum 
on a bare graphite surface (extracted from [3.134]) 


peak frequency position (within the range of 533-539 MHz) on the applied 
external field strength (as expected from the above equation) and the ^-factor 
was determined as 2 ± 0.1 (Fig. 3.37) [3.134]. The molecules displaying the 
spin-resonance effect are active only for a short time and recovery can oc¬ 
cur after certain delays. In addition, the spectra peak position and linewidth 
showed a certain degree of variation that could be related to the molecular 
orientation within the tunneling junction, and the aggregation of molecular 
clusters. The pursuit of the single molecule sin-resonance effect has advanced 
the study of single paramagnetic atoms, molecular radicals and defects using 
STM. It can be expected that, with more rigorous evidence on the mecha¬ 
nisms of the spin-resonance effect on tunneling electrons, and the improve¬ 
ment of experimental capabilities, the STM-ESR technique will deliver very 
useful data on single spin centers, especially the interactions between the spin 
centers and the surrounding environments. 

The observations of single molecules presented in this chapter are based on 
electron tunneling principles. These results have enriched our general knowl¬ 
edge of molecular adsorption, as well as opened up new fronts in investi¬ 
gating the physical and chemical properties of individually adsorbed species 
with very high structural resolutions, as will be demonstrated in the follow¬ 
ing chapters. The topography resolution of STM will undoubtedly continue 
to reveal interesting insights of single molecules as well as molecular assem¬ 
blies. Probably a more interesting and challenging improvement of the STM 
technique is its chemical specificity, possibly through improved spectroscopy 
functions. The accomplishment of this task may lead to further breakthroughs 
in single molecule studies. 




4 Single Molecule Diffusion 
and Chemical Reactions 


This chapter continues the study of surface-bound molecules using the STM 
method. The focus is shifted from the adsorption configuration to the dy¬ 
namic properties of adsorbed species, i.e., diffusion, tip-controlled movements, 
and more importantly the chemical reactions of adsorbed single molecules. 
The interest in these processes is related to many fundamental mechanisms 
in heterogeneous catalytic reactions, material surface properties, etc. The 
success of observing individual molecules on various surfaces presented in 
the preceding chapter provides us with a solid basis for exploring the two- 
dimensional kinetics of single molecules on surfaces. 


4.1 Molecular Diffusion on Surfaces 


Diffusion processes are important to a wide range of topics in surface physics 
and chemistry, such as adsorbate-induced mass transportation, and hetero¬ 
geneous catalytic reactions. In many surface-mediated reactions or heteroge¬ 
neous catalytic reactions, the promotion and inhibition of the reactions are 
closely associated with the mobility of the reactants [4.1]. 

The STM method offers a real-space approach to investigate the diffusion 
behavior of single adsorbates on atomically resolved substrate structures. 
This represents a useful complement to existing in-depth knowledge of dif¬ 
fusion processes from a range of experimental techniques such as field ion 
microscopy (FIM) [4.2], and laser-induced thermal desorption [4.3-4.5], etc. 


4.1.1 Thermal-Activated Single Molecule Diffusion 


The diffusion of a particle on surfaces is characterized by stochastic motion or 
random walk on a two-dimensional lattice [4.6], The diffusion barrier is caused 
by variations of adsorption energy minimum and maximum, as schematically 
shown in Fig. 4.1. The mean square distance of a particle travelling from its 
original position at time t can be expressed as: 
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Fig. 4.1. Schematic of diffusion energy barrier resulting from the difference of ad¬ 
sorption energy at different adsorption sites. The adsorption potentials for sites 
denoted 1 and 2 are schematically illustrated as solid and dotted curves , respec¬ 
tively. The difference of the equilibrium energy is the origin of the diffusion barrier 


< r 2 > = 4 Dt 

D = D 0 e~ Ed/kBT (4.1) 

n 1 2 
D 0 = -a v 
4 

where a is the jump length, u the effective jump frequency, and E c \ the activa¬ 
tion energy. The activation energy of diffusion can be provided by a thermal 
source, light irradiation, or an external field. Thermal-activated diffusion is 
the most common driving mechanism. 

Experimental measurements of the diffusion coefficient D can be achieved 
by observing the variation of macroscopic coverage of adsorbates at different 
temperatures. Rigorous derivations of the formalism can be seen in a number 
of reviews and books [4.7], Much success has also been shown with STM 
in studying the diffusion behavior in real space at single molecule level, as 
presented in this chapter. 

The diffusion properties of single CO molecules and multimers on Cu(110) 
were directly obtained observing time-lapsed STM images [4.8]. CO molecules 
are known to adsorb to the atop sites on the Cu surface. The molecular motion 
is exclusively along the (110) direction, i.e., along Cu atom chains. The results 
in the temperature range of 42 K-53 K suggest that multimeric CO molecule 
chains display higher mobility than that of single CO molecules. The observed 
difference in mobility has been attributed to the effect of entropy of the 
diffusion pre-factor, and the entropy of a molecule in an adsorbed dimer is 
lower than that of an isolated one. This observation provides an example 
of adsorbate-substrate interaction in the mobility of adsorbate molecules. 
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Increased mobility was also observed for multimeric CO on Cu(lll) surfaces, 
and was ascribed to the attractive interaction between CO molecules [4.9], 

As demonstrated in the preceding chapter, a CO-decorated tip can lead 
to much enhanced resolution of the adsorbate structures. Another example of 
vibration-stimulated hopping was shown for CO on Pd(110) at 4.8 K [4.10], 
A threshold bias voltage of about 350 mV was observed to induce lateral 
movement of CO on Pd(110), and the value is ascribed to the C-0 stretch¬ 
ing mode. It was also suggested that discontinuous motion or hopping of 
CO molecules could be tuned by the internal vibrational mode [4.11]. The 
excitation can be initiated by dosing electrons from an STM tip. 

The enhancement of molecular mobility of H 2 O clusters, compared with 
single H 2 O molecules, was observed on Pd(lll) [4.12]. In this system, the mo¬ 
bility is increased by several orders of magnitude for molecular clusters. The 
enhancement is due to the mismatch of molecular clusters to the substrate 
lattice, leading to a reduced diffusion barrier. 

The above studies illustrate the difference between single molecules and 
molecular aggregates from the perspective of diffusion properties. The single 
molecule behavior is clearly sensitive to its surrounding environment, in this 
case, the substrate and adjacent molecules. 

4.1.2 Laser-Activated Single Molecule Diffusion 

Enhanced anisotropic diffusion of CO on Cu(110) was achieved with fem¬ 
tosecond laser pulse irradiations (200 fs with repetition rate of about 1 kHz). 
The STM observation was performed at 22 K, which is lower than the tem¬ 
perature for typical thermal-originated diffusion [4.13]. In addition to the 
dominant diffusion along Cu atom chains of (1 10), a minor diffusion channel 
(with branching ratio of 0.34) across the Cu atom chains along (001) was also 
identified. Considering that the temperature is well below the threshold for 
thermally driven diffusion, and that such anisotropic diffusion behavior has 
never been observed under thermally initiated diffusions, it was suggested 
that the diffusion is driven by an electronic effect. As a matter of fact, the 
estimated electronic temperature increase is about 3,000 K for a time period 
of about 1 ps under these irradiation conditions, in contrast to the lattice 
heating temperature rise of about 140 K under the same conditions. 

4.1.3 Field-Induced Diffusion of Single Atoms 

In addition to thermal- and laser-induced diffusions, the local electric field at 
the tip apex of an STM (typically on the order of a tenth of V/A) can also 
significantly alter the local barrier and stimulate diffusion. Under the exper¬ 
imental conditions of STM, the adsorbed atom or molecule can be polarized 
under the influence of a strong electric field at the tip apex. The induced 
dipole will show a parabolic-shaped potential, the minimum coinciding with 
the tip position [4.14], 
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The potential profile due to the local electric field at the tip apex can be 
expressed as: 

U(r ) = — 0.5 aE(r) 2 + • • • (4-2) 


where p is the permanent dipole, and a the effective polarizability of the 
adsorbate. The gradient of the potential is the force experienced by the ad¬ 
sorbate: 


dU(r) 

dr 


-(/i + aE) 


dE 

dr 


Therefore, the inhomogeneous distribution of field strength may result in 
a directional diffusion behavior. Field-induced diffusion can be observed as 
directional diffusion of adsorbates either toward or away from the tip posi¬ 
tion. Therefore, the concentration of the adsorbates should be dependent on 
scanning conditions such as speed, bias, and polarity. 

The field-induced diffusion of Cs adatoms on p-GaAs(llO) and 
n-InSb(llO) has been reported in STM observations. Under positive tip bias, 
directional diffusion of adatoms toward the tip position has been observed and 
interpreted in terms of the above-mentioned arguments [4.15]. Tip-induced 
movements of Sb dimers were observed on Si(001) with high bias (+3.5 V) 
(Fig. 4.2) [4.16]. Another observation of the tip-induced effect is the reversible 
rotation of Sb dimers on Si(001) [4.17]. By counting the population of Sb 
dimers on Si(001) surfaces annealed at various temperatures, the diffusion 
barrier of Sb across the substrate dimer row was determined as 1.2 ± 0.1 eV, 
and the corresponding pre-factor as 10 -4 ± 1 cm 2 s -1 (Fig. 4.3) [4.16]. The 
dissociative adsorption of Sb 4 on Si(001) surfaces was observed as five dis¬ 
tinctive types of Sb dimer configurations. By annealing the sample at several 
temperatures and observing the population variation for each type of Sb 
dimer, the energy barrier can be estimated in each case [4.18]. 

The diffusion of Si adatoms on Si(001) surfaces was identified as be¬ 
ing predominantly along surface dimer rows with an activation energy of 
0.67 ± 0.08 eV [4.19], Details of the diffusion of Si dimers on Si(001) sur¬ 
faces have been studied by STM with atom-tracking capability [4.20]. The 
STM tip is locked onto the target atom and the migration of the target is 
followed by dithering the tip around the target. The STM is used mainly 
for measuring the kinetics of the target rather than scanning the large area. 
Such improvement enhances the capability of STM to study dynamic events 
by 3 orders of magnitude. Using this approach, the diffusion barrier for Si 
dimers on Si(001) surfaces was determined as 0.94 ± 0.09 eV. 

In a separate study, a tunneling-current-stimulated migration mechanism 
was proposed for inducing diffusions of adsorbed Br atoms on Cu(100) sur¬ 
faces [4.21], It was observed that, under the same tunneling bias, the current 
density is the determining factor for the migration of Br atoms. This mecha¬ 
nism could be due to the localized thermal activation of the adsorbates result¬ 
ing from inelastic scattering of the injected electrons. Since the thermal acti¬ 
vation to the adsorbates can be dissipated through the adsorbate-substrate 
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Fig. 4.2. STM image of Sb climers a before and b after annealing at 479 K for 
2 min (extracted from [4.16]) 
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Fig. 4.3. The Arrahnius plot of temperature dependence of diffusion coefficients 
for Sb dimers (extracted from [4.16]) 



interaction, a threshold tunneling current is needed to trigger observable ad¬ 
sorbate migrations. 

In practice, there are certain limitations for studying the diffusion process 
of individually distributed adsorbates using STM. The limited scanning speed 
of STM is obvious here, and the unavoidable interaction between the tip and 
adsorbate would introduce a force on the order of 10 -9 N [4.22], The latter 
effect could be reduced somewhat by increasing the tip-sample separation, yet 
it can not be completely eliminated. If the adsorbates diffuse too fast, they 
will not be observable by STM, this being the case also if the adsorbates 
interact too weakly with surfaces (cf. many physisorbed molecules). 
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4.2 Single Atom and Molecule Manipulations 


The manipulation of single atoms and molecules represents an important 
application of tip-substrate interaction. By optimizing the tip-sample inter¬ 
action strength, STM can be used to move adsorbates such as metal particles, 
atom clusters, or single atoms from one place to another. So far, precision 
manipulations by STM have been demonstrated for a variety of atoms and 
molecules, and this section provides only a short summary of some repre¬ 
sentative cases. This manoeuvering capability of single molecules could be 
useful for building devices made out of small particles, perhaps from parti¬ 
cles of different materials. It could also be useful for studying interactions 
between particles, and between particles and substrates. Eventually, it may 
become possible to build molecules in an atom-by-atom manner. Even though 
such a construction approach is inherently slow, it nevertheless can provide 
a great deal of insight into processes of intermolecular interaction, and possi¬ 
bly also novel reaction pathways. The in-depth exploitation of the tip-sample 
interaction can lead to permanent restructuring of the surface, such as in the 
study of direct writing, lithography, electron-beam-induced deposition, and 
etching. 


4.2.1 Controlled Manipulation of Single Xe Atoms 

The simplest adsorbate species on surfaces is single atoms. It is possible to 
move these atoms according to predetermined paths using STM [4.23,4.24]. 
Due to the strong field strength, the tip of an STM always exerts finite 
force on an adsorbate atom [4.22]. This force has both van der Waals and 
electrostatic contributions. By adjusting the tip-sample separation and the 
voltage of the tip, the magnitude and direction of this force can be tuned. 
Seeing that it generally requires less force to move an atom along a surface 
than to pull it away from the surface, this makes it possible to optimize these 
parameters such that the STM tip can pull an atom across a surface although 
the atom nevertheless remains bound to the surface. 

Eigler and Schweizer [4.24] were the first to transfer Xe atoms back and 
forth repeatedly between the tip and the substrate surface. The electrical 
conductance between the tip and the substrate depends on the position of the 
Xe atom, which results in a switching device with a low-conductance state 
when the Xe atom is on the substrate, and with a high-conductance state 
when the Xe atom is on the tip. This atomic switch is a bistable element, 
and this type of components is important to microcircuit constructions. A 
threshold tip height was identified in the above study. Only when the tip- 
sample distance was lower than the threshold, i.e., the tunnel current was 
high enough, were the adsorbed xenon atoms moved. Simple investigations 
showed that neither the magnitude nor the sign of the applied voltage had 
significant effects on the threshold tip-sample distance. This suggests that 
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the dominant force between the tip and the xenon atom is due to van der 
Waals interaction. 

The notion that atoms of a noble element such as Xe should be observ¬ 
able by STM is not a foregone conclusion. According to the theory of Tersoff 
and Hamann [4.25], for small bias and constant current an STM image cor¬ 
responds to a map of constant local density of states at the Fermi level. The 
extent to which an adsorbate will be “visible” by STM depends on how it 
locally changes this density of states. Lang [4.26,4.27] has shown that for sin¬ 
gle atom adsorbates on metal surfaces, the crucial parameters in determining 
the apparent height of an atom in a low-bias STM image are predominantly 
the s-state and p-state densities due to the adsorbate at the Fermi level. In 
the case of noble gas species of Xe, this is not expected to contribute signifi¬ 
cantly to the density of states at the Fermi level when adsorbed on a metal 
surface. The highest filled state of Xe is 5 p, which is about 6-8 eV below the 
Fermi level, and the lowest unfilled state is 6s, which is about 4.5 eV above 
the Fermi level. However, the calculated 6s state density displays a broad 
distribution that spans the Fermi level. This residual 6s density of state at 
the Fermi level is considered as the origin for the observed contrast of Xe 
atoms in STM images [4.28]. 

STM studies indicated that the Xe atom appears as a nearly cylindri- 

° 

cally symmetric protrusion of 1.53 ± 0.02 A from the Ni(110) surface. Sim¬ 
ilar images for Xe adsorbed on Pt(lll) surfaces at 4K have also been ob¬ 
tained [4.29]. Xe atoms were also shown to be transferable between a Ni(110) 
surface and tungsten tip by pulsing bias voltage [4.30]. Calculations of Xe 
atoms adsorbed on metals indicate that there should be substantial vibra¬ 
tional heating for tunneling current>100 pA. The observed sideway motion 
at smaller tip-sample separation may be due to the increased van der Waals 
attraction to the tip as the tip is brought closer to the surface. 

4.2.2 Si Atoms 

In addition to adsorbed species, chemically bonded atoms and atomic clusters 
can also be manipulated with STM. An example of such experiments is for 
Si(lll) surfaces [4.31], As the tungsten tip is brought to the sample surface, 
the measured apparent barrier collapses at about 3 A from the surface. At 
even closer distance to the sample surface, the chemical interaction between 
the tip and sample becomes more pronounced. The Si atoms and clusters can 
be removed from the basal plane of the Si(lll) surface by applying a positive 
voltage pulse of 3 V at the tip-sample separation of approximately 1-3 A. By 
this approach, as many as tens of atoms can be successfully removed from the 
Si(lll) surface and transferred to the tip. The Si clusters that adsorbed to 
the tip apex were shown to be transferable back to the surface with negative 
voltage pulses. 

Several mechanisms have been proposed to account for the reported ma¬ 
nipulation of single atoms, including possible field evaporation of negative 
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ions, and electromigration of atomic adsorbates [4.32,4.33]. Ionization fol¬ 
lowed by field evaporation has been suggested [4.31] for the reversible trans¬ 
fer of Si atoms between the tip and Si surface by using STM. The required 
threshold field strength for tip-induced Si atom manipulation is estimated at 
around 1 V/A, which is much lower than the typical value for evaporating 
atoms in field-ion microscopy (about 3 V/A). Such reduction of threshold 
field strength can be attributed to the strong chemical and mechanical inter¬ 
action between the tip and sample surface, as well as to high current density 
during manipulation bias voltage pulsing. 


4.2.3 Gold Atoms 

Gold atoms adsorbed on NiAl(llO) surfaces have been manipulated to con¬ 
struct one-dimensional gold chains [4.34]. Tunneling characteristics revealed 
a strong change of the electronic states as the gold atoms were added to 
the chain one by one. The measured conductivity of the Au atom chains 
can be considered as resulting from the delocalized electron transport within 
the one-dimensional quantum well structure and the wave function of the 
Au atoms. The sequential evolvement of the electronic structure, from single 
atom resonance, coupling between adjacent Au atoms, to the appearance of a 
one-dimensional electronic band, has been identified. The development of the 
one-dimensional band structure was confirmed by the dependence of energy 
position of lowest conductivity peaks versus chain lengths of AU 3 to Au 2 o- An 
effective mass of 0.4 ±0.1 m e has been estimated from the energy dispersion 
relationship of an 11-atom chain [4.35]. More rigorous theoretical treatment of 
the electronic properties of the one-dimensional metal atom chains should in¬ 
clude possible coupling with the substrate. This experimental demonstration 
can be further developed to study the electronic characteristics of complex 
structures, especially artificially constructed ones. 


4.2.4 CO Molecules 

A number of artificially constructed atomic and molecular structures have 
been successfully demonstrated, such as for xenon atoms and CO molecules, 
and nanometer atom rings of iron atoms. Recent achievements in moving 
Cu atoms from different sites on Cu( 211 ) surfaces have led to the possibil¬ 
ity of constructing metallic clusters from individual atoms. The shift of Cu 
atom positions at the step edge with adsorbed CO molecules was shown to 
reveal the adsorption registry of CO [4.36]. The lateral manipulation of CO 
molecules on Cu( 211 ) was found to be achieved via repulsive interaction be¬ 
tween the tip and CO due to the confinement of CO molecules to the step 
edges [4.37], It should be noted that attractive interaction between the ma- 
noeuvering tip and CO prevails for controlled movements of CO on low-index 
surfaces. 
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Fig. 4.4. Energy diagram of CO transfer between Cu(lll) and the tip (extracted 
from [4.38]) 


Bartels et, al. [4.38] studied the vertical transfer mechanism for single CO 
molecules on Cu(lll) using STM at 15 K (Fig. 4.4). It was suggested that 
the adsorption potential for the tip and substrate is well separated, and that 
molecular hopping is initiated by the electronic transition of CO from ground 
state to the excited state V 2 n *, followed by a desorption step. A threshold 
voltage of about 2.4 V was found for the transfer of CO from the Cu(lll) 
substrate to the tip. 

Individual CO molecules were imaged and manipulated by using STM on 
Ag(110) surfaces at a temperature of 13 K at the presence of coadsorbed Fe 
atoms [4.39]. It was demonstrated that, by moving CO molecules to the sites 
of Fe atoms, new complexes could be formed such as Fe(CO), and Fe(CO) 2 , 
and identified by single molecule inelastic electron tunneling spectroscopy 
(IETS) of the C-0 stretching mode. The tilt angle of the CO ligand was also 
determined from the topography image. This result illustrated that by picking 
up CO molecules at the tip apex, one could appreciably enhance the resolu¬ 
tion of STM. The substrate lattice could be well resolved, together with the 
molecular adsorbates. This approach is very promising for the identification 
of adsorption sites of single molecules on metal substrates. 

4.2.5 C 60 Molecules 

Cgo molecules adsorbed on Si(001) 2x1 surfaces have been subjected to 
manipulation while the lateral force was simultaneously measured (Fig. 4.5) 
[4.40]. The lateral force experienced by the STM tip is monitored by the “H”- 
shaped reflector shown in Fig. 4.5. The reflector is supported by two thin Si 
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Fig. 4.5. Lateral force sensor for studying molecular manipulation in lateral direc¬ 
tions (extracted from [4.40]) 


beams, resulting in a lateral force constant of 68 N m -1 and a normal force 
constant of 26 N m _1 . The migration of the adsorbate is preferentially in the 
dimer row direction. The migration of C6o molecules across dimer rows can 
be initiated by adjusting the tunneling current, and recorded as a jump in 
measured lateral force. A force in the range of 2-3 nN was required for the 
lateral movement of Ceo- In addition, from the reported stiffness values of Cgo 
molecules (40-100 N m _1 ), an elastic energy of 0.1—0.7 eV was estimated in 
association with adsorbed single Cgo molecules [4.40]. Such experiments may 
help gain direct evidence on the nature of the Cqo adsorption on surfaces. 

The single molecule manipulation by STM is still a state-of-art technique 
that can be achieved only under optimized conditions. Similarly to the un¬ 
certainties encountered in the imaging of single molecules by STM, the tip 
conditions (geometry, chemical specificity, etc.) remain largely poorly pre¬ 
dictable, which will greatly impact the efficiency of the tip-controlled molec¬ 
ular movements. Development of techniques for fabricating precision tips will 
definite!}' help extend the scope of this very interesting field. 


4.3 Single Molecule Chemical Reactions 
on Metal Surfaces 

The understanding of the basic physics and chemistry of surface reactivity 
is an important topic for catalyst designs and chemical engineering applica¬ 
tions. The investigations of surface-initiated reactions at single molecule level 
will assist the effort in establishing the principles of catalysis phenomena. 
The following sections in this chapter summarize findings of single molecule 
chemical reactivities on electronically different surfaces, namely, metal, semi¬ 
conductor, and oxide surfaces. These surfaces are representative of a wide 
variety of catalysis studies. The STM tip is shown to be an important tool to 
induce the dissociation and association of reactants at single molecule level. 
Such capability could lead to useful insights into novel reaction pathways at 
unprecedented precision levels. It should be noted that although the studies 
so far are restricted to low temperatures, vacuum conditions and crystalline 
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surfaces, many results have already extended our knowledge on molecular 
catalysis with a number of very interesting new findings. 


4.3.1 Single Molecule Oxidative Reaction on Metal Surfaces 

Oxygen adsorption can cause dramatic changes in surface structures and 
properties for a wide variety of samples. The impact of studying oxidative 
reactions could be significant for many surface science topics. In this section, 
we provide a list of examples that cover a range of metal surfaces subjected to 
oxidations. Many of the observations have been made at single molecule levels 
that enable detailed comparison of the reactivity associated with various 
surface structures. 

O 2 adsorption on Ru(1000) surfaces at 300 K results in both compacted 
domains of oxygen atoms with a (2 x 2) structure, and highly mobile indi¬ 
vidual oxygen atoms [4.41,4.42]. The residence time of the oxygen atoms as 
a function of separation distance from neighboring oxygen atoms can be cor¬ 
related with interatomic interactions. An STM capable of rapidly scanning 
up to 20 frames per second was developed to enable studies on the dynamics 
of molecular adsorbates. In a study of oxygen atoms on Ru(1000), a hopping 
rate of 14 ± 3 s _1 was determined [4.43]. 

STM observations of O 2 adsorption on Al(lll) surfaces revealed that the 
separation between O atoms is exceedingly large, in comparison with the 
0-0 bond length. This result led to the proposition of a so-called cannon¬ 
ball mechanism to account for the abstractive adsorption of O 2 . Molecular 
oxygen adsorption on Pt(lll) was found to be highly dependent on tempera¬ 
ture. Thermal dissociation of molecular species into atomic oxygen proceeds 
at above 95 K. The adsorption studies of O 2 on Pt(lll) at low temperatures 
revealed that molecular O 2 is mobile at 60 K on Pt(lll). At 160 K, disso¬ 
ciative adsorption is evident with paired O atoms distributed on the surface 
(Fig. 4.6). The separation between the oxygen atom pairs is between one 
and three lattice constants, with a maximum population at two lattice con¬ 
stants (Fig. 4.7) [4.44], This can be considered as evidence of a non-thermal 
process of dissociation of molecular oxygen in which hot atoms are gener¬ 
ated [4.44,4.45], 

Further dissociation of oxygen atom pairs into individually separated oxy¬ 
gen atoms occurs at 205 K. The diffusion barrier of oxygen atoms has been 
determined as 0.43 eV, with a pre-exponential factor of 10 -6 3 cm 2 s -1 . In 
addition, the dissociation of single oxygen molecules at fee sites of Pt(lll) 
surfaces can be induced by injection of low-energy electrons (0.2-0.4 V) from 
a tunneling tip (Fig. 4.8) [4.45], This was achieved through activation of the 
intramolecular vibrational mode due to the resonant inelastic electron tun¬ 
neling process. Direct comparison of the dissociation process for molecules at 
various adsorption sites showed that O 2 at bridge sites could be either disso¬ 
ciated or desorbed by the injected tunneling electrons, whereas the molecules 
at step edges would always disappear (possibly be desorbed) under voltage 
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Fig. 4.6. STM image of an 02-dosed Pt(lll) surface at 160K (extracted from 
[4.44]) 


pulses. The dissociation efficiencies at different bias voltages may indicate 
the quantization of vibrational energy levels, resulting in variable dissocia¬ 
tion efficiency behavior. Supportive evidence was provided from molecular 
dynamics simulations [4.46]. 

The dissociative adsorption of O 2 molecules on Pt(lll) surfaces was found 
to develop temperature-dependent aggregation patterns observed by STM. 
At about 160 K, only isolated pairs of dissociated adsorbates were observable 
[4.47], By contrast, between 100 and 140 K, small chains of oxygen clusters 
prevail and grow at decreasing temperature, indicative of a higher dissociation 
probability at the chain ends. At even lower temperatures (less than 80 K), 
compact molecular oxygen islands, typically in the shape of triangles, become 
the dominant feature on the surface, suggesting a high mobility of precursors 
on the surface. 

Consecutive stages of the oxidation process of Pd(lll) and Pd( 100 ) re¬ 
sulting from the adsorption of O 2 and NO 2 have been revealed by STM 
[4.48,4.49]. The oxidation process is preceded by the fast chemisorption of 
oxygen to the surface. Time-elapsed observations revealed that NO 2 adsorp¬ 
tion can cause continuous growth of step edges on Pd(100) (or the growth 
of oxidized islands) and form new surface structures [4.49]. The adsorbate- 
induced surface reconstruction can be subtly affected by adsorbate-adsorbate 
interaction. The observed evolution of characteristic adsorbate patterns in 
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Fig. 4.7. Distribution of the separations between O adatoms (extracted from [4.44]) 


such studies demonstrates the joint effects of mobility, spontaneous dissocia¬ 
tion, and thermal desorption of individual precursor molecules. Such effects 
have been widely observed with STM as well as other surface techniques. 

02 -induced reconstruction of Rh( 110 ) is characterized by (lxn) structures 
with every nth row missing in the [ 110 ] direction [4.50], This differs from the 
observed oxygen-induced (2 x 1 ) structures on Cu( 110 ), Ni( 110 ) and Ag( 110 ) 
surfaces. 

Oxygen-induced (2 x 1 ) structures on Ni( 110 ) are manifested by a missing 
Ni atom row in the [ 110 ] direction [4.51], The reconstructed Ni( 110 ) surface 
undergoes a series transformation once H 2 S is introduced [4.52]. The (2 x 
1)0 structure breaks down and is replaced by randomly distributed troughs 
and islands. This behavior can be explained by considering the removal of 
adsorbed O atoms by H 2 S: 

H 2 S(g) + O(ad) —► H 2 0(g) + S(ad) 

The released Ni atoms from the —Ni—O- chains aggregate into islands, and 
are subsequently covered by sulfur atoms. The sulfur overlayer develops a 
c (2 x 2 ) structure. 

The oxidation of Cu( 110 ) surfaces has been studied both at room and 
higher temperatures [4.53—4.56]. Similarly to Ni( 110 ) surfaces, Cu( 110 ) also 
develops a (2 x 1 ) structure in the presence of oxygen adsorbates. The added 
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Fig. 4.8. Electron injection-induced dissociation of two O 2 molecules adsorbed on 
a fee site Pt(lll) surface. The surface was dosed with O 2 at 85 K and cooled to 
50 K for STM studies (extracted from [4.45]) 


—Cu—O— chain is oriented along the ( 001 ) direction. The formation of the 
-Cu-O- chain was proposed to result from the condensation of mobile sub¬ 
strate adatoms and chemisorbed oxygen atoms [4.57,4.58]. 

4.3.2 Dissociative Adsorption of H 2 

The impact of vacancy dynamics on hydrogen dissociation on Pd(lll) sur¬ 
faces at low temperatures was examined in real time. According to the statis¬ 
tics of annihilation events of vacancy clusters due to H 2 adsorption, it was 
concluded that molecular hydrogen dissociates at the cluster sites of three or 
more hydrogen vacancies (Fig. 4.9) [4.59], This effect was attributed to obser¬ 
vations that each stable pair of vacancies takes up three adsorption sites, and 
one H adatom is rapidly exchanged between these three sites. As a result, the 
vacancy pairs always appear as triangular-shaped patterns in STM images. 
In addition, a three-vacancy cluster includes six fee sites with three H atoms 
moving inside. A four-vacancy cluster contains 10 fee sites with six moving 
H atoms inside. This observation is supported by the free energy-based con¬ 
sideration that bridge sites are associated w r ith lower diffusion barriers than 
is the case for top sites. 

The dissociative adsorption of H 2 causes abrupt changes in the topological 
appearance of vacancy clusters. The individual vacancy sites reappear after 
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Fig. 4.9. STM images of the vacancy sites of H on a Pd(lll) surface. The vacancy 
pairs appear in triangular shape as a result of fast exchange of a H atom across the 
bridge sites (extracted from [4.59]) 


occupation by additional H atoms. The dissociation of H 2 can be accom¬ 
modated only by the vacancy clusters containing more than three vacancy 
sites. 

In a study of H 2 adsorption on Pt(lll) surfaces, a strong enhancement 
(factor of 500) of diffusion rate was observed for the Pt-H complex [4.60]. 
The density functional simulation suggests the atomic hydrogen in the Pt-H 
complex is sitting on top of the Pt atom, causing a reduction of the diffusion 
barrier by about 0.09 eV, which is in good agreement with the experimentally 
estimated value of 0.16 cV. 


4.3.3 Dissociative Adsorption of NO 

Reduction of NO on catalyst surfaces is an important step in automotive 
exhaust treatment. The dissociation of NO on Ru(0001) surfaces has been 
identified preferentially along monatomic step edges [4.61], The adsorbed NO 
molecules migrate to the step edges from both sides, and dissociate into N 
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and 0 atoms. The oxygen atoms diffuse away from the reaction sites to form 
small clusters, whereas N atoms diffuse slowly and are randomly distributed 
in the vicinity of the reaction sites (step edges). The population of N(ad) 
displays a linear relationship with the width between step edges, suggesting 
that the diffusion length of NO is larger than the terrace width in this case. 
Such reactivity can be attributed to the local electronic structures of the 
step edges. By quantitatively analyzing the distribution of the dissociated 
products of NO, it was proposed that the dissociation efficiency is higher 
at metal atom sites that have two neighboring atoms at the bottom of the 
step. The activation energy for NO dissociation was estimated as 1.28 eV at 
sites on open terraces, and 0.15 eV at step edges, based on density function 
theory calculations [4.62]. The reactivity of the step edges is also affected by 
the presence of oxygen adadoms. 

Three adsorption structures, c(4 x 2 ), c (8 x 2 ) and p (2 x 2 ), of NO on 
Pd(lll) have been identified by STM in the range 170-300K [4.63]. An ad¬ 
ditional disordered structure has also been observed. At room temperature, 
the c(4 x 2 ) structure prevails at high NO pressure (> 3 x 10 -6 torr), and 
the Pd(lll) surface becomes disordered at low NO pressures. There are two 
adsorption sites in the the c(4 x 2 ) structure for NO molecules, based on 
measured topography height. The adsorption registry of NO has been as¬ 
signed, based on density function theory simulation, to the atop sites with 
tilted orientation. c (8 x 2 ) and p (2 x 2 ) structures can be observed only at 
low temperatures, coexisting with the c(4 x 2) structure. 

4.3.4 Dissociation of NH 3 

The injection of electrons was shown to effectively induce desorption and mi¬ 
gration of individual NH 3 molecules on a Cu(100) surface at 5K (Fig. 4.10) 
[4.64]. The excitation of the vibrational states is revealed as either transla¬ 
tional motion or desorption of the NH 3 molecules. At low tunneling currents 
(smaller that ~0.5 nA), the observed threshold voltage value (400 mV for 
NH 3 and 300 mV for ND 3 ) coincides with the stretching frequency of N— 
H(N-D) for NH 3 (ND 3 ) molecules (Fig. 4.11). At higher tunneling currents 
(greater than ~0.5 nA), an additional threshold voltage value (270 mV for 
NH 3 ) was identified, which can be attributed to the umbrella mode of NH 3 . 

The vibrational excitation due to inelastic scattering was proposed as 
driving mechanism. Based on existing evidence from ultraviolet and infrared 
experiments, the desorption of NH 3 from Cu( 100 ) surfaces is mainly through 
the excitation of the umbrella mode. From the measured dependence of des¬ 
orption events on the tunneling current, it was suggested that the desorption 
is a three-electron process, in which three inelastic electrons are needed to 
overcome the desorption barrier of ~600 meV. 

The translation motion of NH 3 is initiated by the anharmonic coupling 
between the N-H (N—D) stretching mode and the translational mode. In 
addition, a two-electron excitation mechanism was identified at higher tun- 
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Fig. 4.10. Single NH 3 molecules can be desorbed or laterally moved by applying 
a voltage of about 420 mV (extracted from [4.64]) 
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Fig. 4.11. Statistics of threshold voltage required to induce reactions for NH 3 and 
ND 3 . a ND 3 at tunneling current of 0.5 nA. b ND 3 at tunneling current of 0.5 nA. 
c NH 3 at tunneling current >1 nA. d ND 3 at tunneling current >1 nA (extracted 
from [4.64]) 


ncling current regimes. Such studies opened up possibilities of modc-sclcctivc 
excitation of single molecules, and exploration of reaction pathways at single 
molecule level. 


4.3.5 CO Oxidation 

Direct observation of CO oxidation on oxygen pre-covered Pt(lll) by STM 
in the temperature range 237K-274K revealed that the reaction initiates 
preferentially from the (2 x 2)-0 domain boundaries, manifested as the com¬ 
pressing of initially random-sized (2 x 2)-0 domains into large ones [4.65]. 
The characteristic c(4 x 2) CO structures are observable under STM when CO 
domains are sufficiently large. The surface become fully occupied by CO at 
the end of the oxidation reaction. The measured reaction rate is proportional 
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to the length of the (2 x 2)-0 domains, and the corresponding Arrhenius plot 
leads to an activation energy of 0.49 eV. This value is very close to the value 
of 0.51 eV reported earlier for CO 2 formation on Pt(lll) surfaces. 

The observation is supported by the theoretical analysis suggesting a re¬ 
duced activation energy barrier for CO adsorbed at bridge sites [4.66], in 
analogy to the likely situation at domain boundaries. Several reconstruction 
patterns have been observed on oxygen pre-covered Rh(lll) surfaces, includ¬ 
ing c (2 x 2 ) for low oxygen coverage and c (2 x 6 ), c (2 x 8 ), and c (2 x 10 ) for 
high oxygen coverage [4.67]. This variety of reconstructed structures provides 
an opportunity to compare their relative reactivity. The oxygen atoms are not 
visible in STM images. Upon introducing CO, the oxygen atoms are reacted 
in the (Oil) direction. The step edges of c (2 x 8 ) show highest reactivity. 

The CO oxidation reactions on Cu( 110 )-p (2 x l)-0 surfaces are preferen¬ 
tially along —Cu—O— chains, starting from the defect sites at the chain ends. 
The released Cu atoms have been observed to incorporate into the existing 
terraces, rather than form new islands [4.68]. 

4.3.6 Dehydrogenation of Single Molecules 

Dehydrogenation reactions are an important category of catalytic processes. 
Since the reaction conditions (pressure and temperatures) are not adaptable 
to STM experiments, the study of C-H bond dissociation at single molecule 
level can be explored by applying a voltage pulse through the STM tip. The 
threshold voltage for breaking the C-H bond in acetylene was identified as 
2.8 V, and C-D bond in DCCD as about 3.9 V (Fig. 4.12) [4.69]. Similar 
exercises can be performed by removing H (or D) atoms from pyridine and 
benzene (Fig. 4.13). 

Isolated molecules of trans- 2 -butene(C 4 H«) and l, 3 -butadiene(C 4 He) were 
observed on Pd( 110 ) surfaces [4.70]. With the aid of a molecular tip, the sub¬ 
strate lattice could be resolved and thereafter the adsorption site for C=C 
of the molecules was determined (Fig. 4.14). The adsorbed molecules ap¬ 
pear in distinctively different shapes. The trans- 2 -butene(C 4 Hg) appears as 
pairs of bright protrusions or dumb-bells, and l,3-butadiene(C 4 Hf;) takes 
the form of single oval-shaped spots. By dosing the tunneling electrons 
for frans- 2 -butene(C 4 Hg), a conversion of molecular topography to that of 
l, 3 -butadiene(C 4 H 6 ) was observed at a bias higher than about 365 mV 
(Fig. 4.15). This was attributed to dehydrogenation, whereby the C-H bond 
in frans- 2 -butene(C 4 Hg) is activated. Figure 4.15 illustrates that single trans- 
2 -butene(C 4 Hg) molecules (Ta and Tb in Fig. 4.15a) are transformed into 
oval-shaped l, 3 -butadiene(C 4 He) molecules (Pa and Pb in Fig. 4.15c). How¬ 
ever, the threshold voltage is much lower than that expected for the exci¬ 
tation state of C-H antibonds, and could be associated with the excitation 
of C-H stretching modes that should be in the range of 350-370 meV. In 
another report, dehydrogenation experiments using single ethylene molecules 
on Ni( 110 ) and STM yielded a threshold voltage of 1 . 1 - 1 .5 V, with a contrast 



4.3 Single Molecule Chemical Reactions on Metal Surfaces 


87 


a 1 

b 


■■HlHIGHl 

d 

c 


9 

f 

J 


C 



© 



[tool 


Fig. 4.12. STM images of adsorption and electron stimulated dissociation of single 
acetylene molecules, a and b are two adsorption orientations of dueterated acetylene 
(DCCD) molecule as schematically shown in c. d, e, g and h are four adsorption 
configurations of a CCD molecule illustrated in f. The scan conditions are 50 mV 
and 10 pA under temperature 9 K (extracted from [4.69]) 
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Fig. 4.13. Electron-induced dissociation of a pyridine and b benzene on a Cu(001) 
surface at 9K. c and d are the corresponding tunneling spectra (extracted from 
[4.69]) 
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Fig. 4.14. Characteristic topography of a clumb-bell-shapecl trans-2-butene (C 4 H 8 ) 
and b oval-shapecl 1,3-butadiene (C 4 H 6 ) on Pd(110) (extracted from [4.70]) 


inversion from protrusion (ethylene) to depression (acetylene) [4.71], Further 
dehydrogenation of acetylene to carbon atoms can be achieved by applying a 
voltage pulse of 1.0-4.8 V in STM. The identification of the products can be 
obtained by monitoring the C—H stretch feature in the tunneling spectrum 
of d 2 I/d 2 V versus V. 

An artificial molecular structure through controlled dedydrogenation (as 
much as eight hydrogen atoms) of cobalt phthalocyanine molecules adsorbed 
on Au(lll) surface was recently demonstrated by using voltage pulse at 
the magnitude of 3.3 V to 3.5 V [4.72]. Appreciable Kondo resonance ef¬ 
fect was clearly identified in the tunneling spectroscopy on the individual 
dehydrogenated cobalt phthalocyanine molecule. It was proposed that the 
observed high Kondo temperature of the dehydrogenated cobalt phthalocya- 
ninc molecule is associated with the Coulomb repulsion and large half-width 
of hybridized d-lcvcl. 


4.3.7 Tip-Induced Reactions of Single Iodobenzene on Cu(lll) 

A multiple-step approach for studying chemical reactions at single molecule 
level was demonstrated by Hla et al. [4.73]. The process is comprised solely 
of steps of controlled manipulations of single iodobenzene molecules using an 
STM tip at 20 K. At first, the iodobenzene immobilized at the step edges 
of the Cu(lll) surface was stripped of iodine by the injection of tunneling 
electrons of 1.5-eV energy (Fig. 4.16). The dissociation rate was found to de¬ 
pend linearly on the tunneling current, suggesting that C-I bond breaking is 
caused by single electron scattering events. It w T as noted that electrons with 
1.5 eV are not sufficient to break either C—C or C-H bonds. The dissociated 
components are automatically separated on the Cu(lll) surface. The result¬ 
ing phenyl reactants were subsequently brought together under the conditions 
0.53 nA and +70 mV sample bias. The association of two adjacent phenyls 
into a biphenyl was accomplished by applying 0.5-V bias for 10 s (Fig. 4.17). 
The reaction process may involve the activation of oc-Cu bonds by in-plane 
rotation of phenyls, which leads to the formation of ac-c bonds. A similar 
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Fig. 4.15. Sequential STM image of the reaction process of fran.s-2-butene(C 4 Hs) 
to 1 ,3-butacliene( C 4 H6). Two isolated fran.s- 2 -butene( C4 Hs) molecules marked as 
Ta and Tb in a are transformed into oval-shaped 1,3-butadiene (C 4 H 6 ) molecules 
marked as Pa and Pb in b and c. d is the adsorption configuration of trans- 2- 
butene(C 4 H 8 , T), l,3-butadiene(C4H6, N), and the dehydrogenation product ( P ). 
Note that there is a half lattice shift of adsorption sites between the 1,3- 
butadiene(C 4 H 6 , N) and the reaction product ( P ). e Observed reaction yield from 
STM images (extracted from [4.70]) 


manipulation-assisted reaction was demonstrated with an iodine-decorated 
tip at improved resolution [4.74]. 

4.3.8 Formation of Metal Ligand Complexes 

In addition to the metal ligand complex formed by CO and Fe introduced in 
Section 4.2.4, here we present another type of molecular clusters constructed 
from molecular adsorbates and diffusive metal atoms through metal ligand 
bonding. The Cu(100) surface is known to have highly mobile Cu adatoms 
released from the step edges at room temperature. These Cu adatoms can 
stimulate the deprotonation of adsorbed trimesic acid (tma) molecules. As a 
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2 <0>! + 2 Cu = <QkQ>+2CuI 



Fig. 4.16. Schematic of STM-incluced dissociation of ioclobenzene and synthesis of 
biphenyl molecules (extracted from [4.73]) 



Fig. 4.17. STM images of the dissociation and synthesizing process shown in 
Fig. 4.16 (extracted from [4.73]) 


result of deprotonation, the COO - ligands of the tma molecules are available 
for further reactions. The product of the complexation between tma and 
Cu atoms forms an assembled overlayer that can be directly observed by 
STM. The trimesic acid molecules were observed to form a stable complex 
of [Cu(tma) 4 ] n_ and [Cu 2 (tma) 6 ] m_ on Cu(100) surfaces (Fig. 4.18) [4.75]. 
Since the reaction is restricted to the basal plane of the Cu(100) surface, the 
effects of substrate lattice geometry and electric properties may be reflected 
in measured coordination structures in which the coordination bond Cu- - • O 

O O 

distance is 3 A, rather than 2 A for three-dimensional copper carboxylates. In 
addition, the dominant ligand complex products closely match the substrate 
registry excluding other types of ligand structures. 
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Fig. 4.18. a STM image of individual [Cu(tma) 4 ] n_ on a Cu(100) surface, b is 
the proposed structural model for the complex consisting of four tma molecules 
and a Cu atom. The mobile Cu adatoms are not visible in the images (extracted 
from [4.75]) 


The stability of the complex species is dependent on the adsorption site 
and size of the assemblies [4.75]. The isolated single complex molecules on 
open terraces clearly have the shortest lifetime, the molecules with one neigh¬ 
bor or more display much longer lifetimes. The steric hinderance effect is at¬ 
tributed to the enhanced stability for molecules at step edges and in molecu¬ 
lar aggregates. The temperature dependence of the individual [Cu(tma) 4 ] n 
between 260 and 300 K yielded a dissociation energy of Ed = 0.31 ± 0.08 eV. 


4.3.9 Other Reaction Model Systems 

The scope of studies on single reaction events on metal surfaces is much 
broader than the examples discussed in the above sections. This growing effort 
has rekindled interest in searching for quantitative and microscopic theories 
that could provide better description of heterogeneous chemical reactions, 
such as oxidation and hydrogenation/dehydrogenation. This is a field that 
will continue to be very dynamic and rewarding. 

Significant restructuring of Cu( 110 ) surfaces was observed by acetic acid 
adsorption [4.76], causing steps dominantly bunched in the (112) direction. 
Similar bunching effects were observed for formic acid and benzoic acid ad¬ 
sorption on oxygen pre-covered Cu( 110 ) surfaces [4.77], The study of the 
decomposition reaction behavior of formic acid on Cu( 110 ) in the presence of 
oxygen revealed that the active sites are the step edges and domain bound¬ 
aries [4.78]. 

Molecular adsorption and assembling behavior on model catalyst surfaces 
have been actively pursued using STM and other techniques. It was found 
that adsorption of methylacetoacetate on R,R-tartaric acid-covered Ni(lll) 
surface could lead to the formation of two-dimensional co-crystals, which 
could help the study of the enantioselective hydrogenation mechanism of the 
system [4.79]. 

Ethylene (C 2 H 4 ) adsorption and reaction on Pt(lll) was studied by STM 
at full surface coverage [4.80], Ordered molecular arrangements for both ethy- 
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lene and ethylidyne (after annealing at high temperature) have been observed. 
No evidence of preferential reactions at Pt step sites was found in this case. 

The reaction process of methanol to formaldehyde (CH2O) on oxygen 
pre-covered Cu(110) surfaces at 270 K shows gradual replacement of (2 x 1)0 
added-row structure by a methoxy-induced (5 x 2) structure consisting of 
zigzag chains separated by c(2 x 2) subunits [4.81]. The disappearance of the 
-Cu-O- row is initiated from the edge of the islands along the (001) direction. 
The methoxy-induced islands disappear after an extended time, indicative of 
decomposition of methoxy into formaldehyde and hydrogen according to the 
following: 

2CH3OH + O(ad) —> 2CH 3 0(ad) + H 2 0 
2CH 3 0(ad) —> 2CH 2 0(ad) + H 2 

Anisotropic reaction behavior was observed for CO oxidation on Cu(110)- 
p(2 x l)-0 surfaces [4.82]. CO molecules were found to react with oxygen 
atoms in the -Cu-O- chain direction, rather than in the perpendicular (110) 
direction, as reflected from the fluctuation in —Cu-O- chains in STM images. 
The reaction probability at the end of an island was estimated as 500-1,000 
times faster than that at the side. 

NH 3 molecules interact with Cu(110)-p(2 x l)-0 surfaces and dissociate 
into NH(ad) at 300 K. The NH(ad) species form linear-shaped structures in 
the [110] direction, perpendicular to the -Cu-O— chains. The reaction was 
found to initiate from step edges, and the NH(ad) arrays terminate at the 
-Cu-O- rows. This observation indicates that the reaction is inhibited along 
-Cu-O- chains, suggesting the ”site-blocking” effect of the pre-adsorbed oxy¬ 
gen atoms [4.82]. 

The dissociative adsorption of NH 3 on Ag(110)-p(2 x l)-0 develops into 
randomly distributed islands of NH(a) and Ag. The Ag atoms are released 
from —Ag—O— rows due to the reaction of NH(a) with O(a), and form islands 
of monoatomic height. The NH(a) induces a (2 x 3) restructuring of the 
surface [4.82], 

The exploration of using nanometer-sized STM tips in localized catalytic 
reactions has been performed by means of Pto.gRhoo tips in rehydrogenation 
of carbonaceous deposits on Pt(lll) surfaces [4.83], The tip can be activated 
by pulsing the bias voltage in a hydrogen environment. It was suggested that 
the tip could be the site for hydrogen dissociation, which is the key to the 
rehydrogenation process. 

Oxygen adsorption on Ni(110) surfaces leads to several restructured sur¬ 
faces, (3 x 1), (2 x 1) and (3 x 1), consisting of added rows of-Ni-O-. NH 3 
molecules were found to interact with the terminating atoms of -Ni-O- rows 
on oxygen pre-covered Ni(110) surfaces [4.84]. The dissociation proceeds in 
the (001) direction in an anisotropic way. As a result, molecular rows of OH 
evolved in the (001) direction, and the dissociation product NH 2 (ad) forms 
a c(2 x 2) structure. The Ni atoms released from the -Ni-O- rows are aggre¬ 
gated to form islands. 
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Coexisting adsorption structures on Cu(110) surfaces have been identified 
as (2 x 1)0 and (2 x 3)N, (2 x 3)N and c(2 x 2 )S and (2 x 3)N, (2 x 3)N and 
c(2 x 2) formate [4.85], 

NO 2 adsorption on Ag(110)-p(2 x l)-0 surfaces results in p(4 x 1 ) and 
c(6 x 2 ) structures at low and high coverages respectively, reflected in STM 
images as straight and jagged rows in the (001) direction [4.86], 


4.4 Single Molecules on Semiconductor Surfaces 

The study of single molecule adsorption and reaction on semiconductor sur¬ 
faces is of practical importance in semiconductor device processing and eval¬ 
uations. There may be additional implications in the current trend of device 
miniaturization to nanometer scale. This also provides us with a test ground 
for understanding the possible effect of electric structures on molecular reac¬ 
tivities. The few examples in this section are given as a reflection of the effort 
in this direction. 

4.4.1 Single H 2 Molecules on Si(100) 

The effect of Si-Si dimer structures on the adsorption/desorption of H 2 on 
Si(100) 2x1 surfaces has been studied by STM [4.87,4.88]. The Si-Si dimers 
can be generated by desorption of h} r drogen (or deuterium) from Si(100) 
2 x1 surfaces. Both paired and unpaired Si—Si dimers coexist at low temper¬ 
atures (below 620 K). Above 660 K, the unpaired Si-Si dimers are completely 
dissociated. The random-walk-like migration behavior and recombination of 
unpaired Si-Si dimers has been directly observed by STM [4.87]. The dif¬ 
fusion of unpaired Si-Si dimers is strictly one-dimensional in the dimer row 
direction 

Two types of Si-Si dimer structures, tilted and untilted with respect to the 
surface plane, were seen to have very different adsorption efficiencies [4.88], 
The untilted Si-Si dimers were shown to be generated by introducing sub¬ 
monolayers of hydrogen atoms and briefly annealing at 600 K. The untilted 
Si-Si dimers are those reacted with two hydrogen atoms, with Si-Si bonds 
parallel to the surface. The local strain field associated with untilted Si-Si 
dimers was seen to extend to 15-20 lattices. This conclusion was derived from 
the fact that each untilted Si-Si dimer is accompanied by 10-20 tilted Si—Si 
dimers at either side. 

It was identified that such hydrogen-filled dimers are associated with much 
higher reactivity, with small adsorption barriers. According to the population 
variation of untilted dimers upon H 2 adsorption, the enhancement of the 
sticking coefficient has been estimated on the order of 10 9 at room tempera¬ 
ture. This serves as a vivid example of self-promoted autocatalytic processes. 
It was also postulated that such catalytically active dimer sites could be 
generated by adsorption of other species such as halogens. 



94 4 Single Molecule Diffusion ancl Chemical Reactions 

4.4.2 Single NH 3 Molecules on Si Surfaces 

The adsorption of NH 3 011 Si( 001 ) surfaces at room temperature results in 
the formation of monohydrides with the Si atom positions unaffected [4.89]. 
The Si-H bonding state is detected from spectroscopy measurements, and is 
associated with the ir a dangling-bond state of clean Si( 001 ) surfaces. 

The dangling bonds within the (7 x 7) unit cell of Si(lll) surfaces are 
correlated with different reactivities in dissociative adsorption of NH3 [4.90]. 
The reaction was manifested in a strong change in topography in STM im¬ 
ages and in the corresponding spectroscopy results (Figs. 4.19 and 4.20). By 
counting the affected surface sites in STM images, it was concluded that the 
rest atom sites arc most reactive, followed by the center adatoms, and the 
least reactive corner adatom sites. The spectroscopy measurements proved 
helpful in elucidating the observed variation of reactivity for surfaces sites. 
For the clean Si(lll) surface, the rest atom has a higher density of states than 
does the adatom site. This reduced density of states of adatom sites indicates 
a strong bonding between the adatom and the underlying Si atoms, leading 
to reduced reactivity. The reaction at the rest atom site is accompanied by a 
reverse charge transfer between the rest atom and the adjacent adatom, as ev¬ 
idenced by the change in tunneling spectra (curves A in Figs. 4.19 and 4.20). 
The difference in the reactivity of adatom sites (center and corner) can be 
accommodated by geometric arguments. Since the dissociation products (H, 



Fig. 4.19. Normalized conductance at different sites on a Si(lll)-7 x 7 surface. A 
rest atom site, B corner adatom site, C center adatom site (extracted from [4.90]) 
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Fig. 4.20. Effect of adsorbed NH 3 on the conductance spectra. Curves A and B 
(solid line ) correspond to the reacted sites. Curves B (dashed line ) and C corre¬ 
spond to the unreacted sites (extracted from [4.90]) 


and NH 2 ) will react with the dangling bonds surrounding the reacted rest 
atom, the center atoms outnumber the corner atoms by a factor of 2 , and 
therefore a high reaction probability can be observed for the center adatom 
sites. 


4.4.3 Single O 2 on Ge(lll), Si(100) and Si(lll) 

The oxidation process of semiconductor surfaces is an important issue in 
device fabrication. The understanding of this process is key to building de¬ 
vices of atomic precision. A study at single molecule level on the oxidation 
of Ge(lll)-c (2 x 8) surfaces indicated that oxidation started from defects of 
dislocation in the c (2 x 8) structure [4.91], Single atomic reactive sites can 
be generated by removing Ge adatoms from the basal plane. The oxidation 
reactivity of the single atom defect can be evaluated by direct visualization 
of the appearance of the defect sites. The hopping of adjacent Ge adatoms 
of the atomic defect sites was observed to cause diffusion of the defects, and 
lead to secondary atomic defects that could be oxidized again. This process 
may evolve further into a chain reaction behavior at single atom level. It was 
shown that the observed diffusion rate can be correlated with the reaction 
kinetics of defects with different numbers of surrounding adatoms [4.91]. 

The continued exposure of O 2 revealed the development of the oxida¬ 
tion process from single atomic defect sites to nanometer-sized domains 
(Fig. 4.20) [4.82]. In addition, the defect sites associated with adsorbed hydro- 
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gens were observed to develop oxidation behavior similar to that for adatom 
defects [4.92], 

The oxidation process appears to evolve inhomogeneously around the 
initial reaction sites. The dangling bonds in (7 x 7) cells on Si(lll) sur¬ 
faces display different reactivity with O 2 . The adatoms are most reactive 
at these sites. In addition, two types of long-lifetime molecular oxygen have 
been observed, at the adatom sites and the second-layer rest atom sites. 
Molecular oxygen dissociated at high sample bias voltages of positive polar¬ 
ity [4.93,4.94]. Si( 100 ) surfaces display much less oxidation reactivity, com¬ 
pared with Si(lll) 7 x 7 surfaces. The reaction appears to be preferentially 
associated with C-type defects of dimer vacancy. The difference of reactivity 
between Si( 100 ) and Si(lll) surfaces correlates with the electronic properties 
of the surfaces [4.95]. 


4.4.4 Other Molecules on Si Surfaces 

A variety of organic species have been studied with STM at single molecule 
resolution levels on semiconductor surfaces. The individual decaborane mole¬ 
cules are adsorbed exclusively at the defect sites on Si(lll). Dissociation and 
fragmentation of single decaborane (B 10 H 14 ) molecules adsorbed on Si(lll) 
surfaces were demonstrated with bias voltages higher than 4 V, whereas no 
effects were observed with clean Si lattices under similar conditions [4.96]. The 
dissociated fragments of decaborane react with Si dangling bonds to form new 
dark sites under STM. In addition to dissociation effects, other effect such as 
lateral displacement, and cluster formation were also observable as a result 
of electron bombardment. 

The dissociation of disilanc molecules on Si( 001 ) surfaces has been mon¬ 
itored by STM at atomic resolution level [4.97]. The study is related to the 
epitaxial growth of silicon on Si( 001 ) surfaces, following the reaction pathway: 

Si 2 He(ad) —> S^Hg(precursor) —> SiH 3 (ad) —> 

SiH 2 (ad) —y SiH(ad) —> Si(epitaxial) (4.3) 

STM studies on the adsorption of iodochloride (IC1) molecules on Si(lll) 
7x7 surfaces revealed a high selectivity to form Si-I bonds, rather than 
Si-Cl bonds [4.98]. The quantitative ratio of Cl to I was determined by ther¬ 
mal desorption experiments. The molecular orbital argument was invoked 
to account for the observed high selectivity. The HOMO of IC1 (ir x ,y* anti¬ 
bond) is dominated by the I 5 p orbitals. The interaction between the HOMO 
of IC1 and the partially filled Si dangling bond is the driving force for the 
preferential adsorption of the I end of IC1, and subsequently the abstraction 
reaction that results in I-rich coverage. The adsorption of halogen molecules 
on Si(lll) 7 x 7 surfaces can be described using abstraction or dissociative 
models [4.99-4.101], It was demonstrated by using molecular beam techniques 
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Fig. 4.21. STM images of the oxidation process of a Ge(lll)-c(2 x 8) surface 
a Clean surface, b-f sequential exposure to 10, 20, 30, 40, and 50 L of O 2 . The 
variation of the oxidized areas is evident (extracted from [4.92]) 


that the adsorption of halogen molecules of low translational energy is dom¬ 
inated by abstraction, in which only one of the halogen atoms chemisorbes 
at the surface and the other atom is ejected from the surface. In the case of 
molecules of high incident energy, adsorption of both atoms of the dissociated 
halogen molecules occurs. A detailed STM study identified that the center 
atom in the unit cell of Si(lll) 7 x 7 is more reactive than other sites in the 
unit cell [4.101]. 


4.5 Single Molecule Reactions on Metal Oxide Surfaces 

Application of STM in assessments of metal oxide surfaces has made much 
progress in the last several years. Metal oxide surfaces are different from pure 
metal surfaces in many aspects, considering the localized chemistry registry, 
and electronic structures. As a result, complex adsorption and catalytic be¬ 
haviors should be expected. A number of oxide surfaces have been successfully 
analyzed at atomic resolution level [4.102,4.103], Though the intrinsically low 
conductivity of oxide materials still sets certain restraints to the generalized 
applications of STM techniques, the possibility of studying several impor¬ 
tant oxide surfaces demonstrates the promising prospects of STM studies. 
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The progress is directly related to many interesting reaction effects on oxide 
surfaces [4.104], 

The empirically acquired estimate for minimum conductivity for STM 
observation is around 1 Q _1 cm _1 . Several types of natural metal oxides of 
high conductivity, such as Re03, WO2, Fe304, and high-T c oxide supercon¬ 
ductors, could be readily studied by STM. The difficulty of low conductivity 
of metal oxides generally encountered with STM could be dealt with, at 
least partially, by the following [4.101]: (1) UHV annealing to generate de¬ 
fect states that alter the Fermi level; (2) appropriate doping to adjust the 
Fermi level; (3) high-temperature STM in which oxide conductivity can be 
enhanced; (4) epitaxially grown oxide layers on metal substrates: and (5) ox¬ 
idation of alloy surfaces (such as NiAl(llO) to obtain AI2O3). 


4.5.1 Ti0 2 

Reconstructed TiO2(110) surfaces are related to bulk stoichiometry. STM 
observations of bulk terminated TiC>2(110)-(l x 1) surfaces reveal Ti cations 
as bright features at positive bias. The TiC>2-(l x 1) surface is characterized 
as bright rows consisting of Ti atoms in the (001) direction, separated by 
O bridge-bonded oxygen atom rows [4.105,4.106]. Two types of TiC^llO)- 
(1x2) reconstruction structures were suggested as additional Ti2 03 rows 
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Fig. 4.22. Structural model of Ti02( 110) surface, a TiC>2(110)-(l x 1) [4.105,4.106]; 
b TiO 2 (110)-(lx2) [4.107]; cTiO 2 (110)-(lx2) [4.108,4.109] (extracted from [4.111]) 



4.5 Single Molecule Reactions on Metal Oxide Surfaces 


99 



Fig. 4.23. a STM image of a TiO2(110)-(l x 1 ) surface decorated with CI2 molecules 
at room temperature, b Proposed model for adsorption of CI2 molecules (extracted 
from [ 4 . 114 ]) 


on top of (1 x 1 ) structures (Fig. 4.22b) or the reduced-row model/added- 
row model in (1 x 1 ) surface structures (Fig. 4.22c), corresponding to near- 
stoichiometric surface and heavily reduced surface respectively [4.107-4.109], 
The spectroscopic measurements confirm the n-type semiconducting nature 
of the material with an energy gap around 3 eV. A summary of the titanium 
dioxide surface structures and related chemical properties can be found in 
the literature [4.110,4.111]. 

The reactivities of TiO2(110) surfaces to a number of molecular species 
have been studied at single molecule level. TiO 2 ( 110 ) is known to have oxygen 
vacancies (or missing O atoms in the bridging O row) as a result of annealing 
treatment. These vacancy sites are very reactive to adsorbates. It was found 
that the oxygen vacancy population can be increased with the induction of 
atomic oxygen to the surface, due to the recombinatory reaction of O adatoms 
with the bridging O atoms [4.112]. By contrast, the adsorption of molecular 
O 2 can reduce the oxygen vacancy population. The migration of the oxygen 
vacancies was shown to occur only in the (110) direction (perpendicular to 
the bridging O row) when molecular O 2 is present on the surface. This process 
is made possible by the abstractive adsorption of O 2 , in which an O atom of 
molecular O 2 is lost to a vacancy site, and the other O atom is recombined 
with a neighboring bridging O atom. 

In a related study, O 2 diffusion on TiO2(110) was found surprisingly to 
depend on the oxygen vacancy density [4.113]. A proposed mechanism at¬ 
tributes the formation of transient species of charged O 2 as the key step 
in the hopping process of molecular O 2 . The population of oxygen vacancy 
is directly correlated to the donor level, and thus chemical potential. As a 
result, electron density in the conduction band (n c ) is affected through the 
relationship: 

n c = AT c e“ (ec “^ (iVd))/fcBT 

N c depends on temperature and the effective mass of electrons in the 
conduction band, and e c is the conduction band minimum, and A r d the va- 
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Fig. 4.24. Autocorrelation of Cl-Cl distances, (extracted from [ 4 . 114 ]) 
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Fig. 4.25. a High-resolution STM image of H2O adsorbates on a TiC>2(110)-(l x 1 ) 
surface. The distances between the markers in the cross-section profile are integer 
multiples of the lattice constant along [ 001 ]. b Schematic of adsorption sites for 
H2O on TiO2(110) (extracted from [ 4 . 116 ]) 
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Fig. 4.26. Temperature effect of the H 2 O adsorption, a 150 K, 24 nm x 12 nm, 
b 195 K, 24 nm x 12 nm, c 290 K, 20 nm x 14.5 nm (extracted from [4.116]) 


cancv concentration. Therefore, the rate of charge transfer between the O 2 
adsorbate and the electrons in the conduction band is also affected. This ob¬ 
servation suggests that vacancies can behave as a promotor to adsorbates by 
affecting the donor level in the electronic structure. 

Dissociative adsorption of CI 2 molecules on TiO 2 ( 110 ) surfaces results 

O 

in separated Cl adatom pairs with an average distance of 26 A (Figs. 4.23 
and 4.24) [4.114]. In addition, single Cl adatoms were observed with smaller 
populations compared with paired Cl adatoms, due to abstractive adsorption. 
The observed large separation between Cl—Cl adatom pairs is attributed to 
the non-thermal transient process during dissociation, described as “cannon¬ 
ball-like” trajectories. Cl atoms were found to adsorb on the rows of fivefold 
coordinated surface Ti atoms, and no preferential adsorption was observed 
for step sites and oxygen vacancy sites. The reaction sites for molecular dis¬ 
sociations could be the undercoordinated Ti sites. A smaller population of 
adsorbates was found at bridging oxygen sites [4.115]. By contrast, adsorption 
at 200 and 300 °C results in Cl atoms at bridging oxygen sites only, possibly 
due to the replacement process, as indicated by the UPS method [4.115], 

The adsorption of molecular H 2 O was found predominantly on the row of 
fivefold Ti atoms on TiO 2 ( 110 ) surfaces at 150K (Figs. 4.25 and 4.26) [4.116]. 
Upon heating the surface to 290 K, molecular H 2 O is dissociated into bridge- 
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bonded hydroxyls, suggesting the dissociation is activated at the vacancy 
sites along bridge oxygen rows (Fig. 4.26). 

Adsorption of pyridinecarboxylic acid and benzoic acid molecules on 
TiO 2 ( 110 ) surfaces was also studied by STM. Dimeric (or larger multimeric) 
adsorption of isonicotinic acid molecules was found to involve the dominating- 
species at low molecular coverages [4.117]. 

Organometallic complexes of Me2Au(acac) (Me = CH3, acac= CH3 
COCH2COCH3) and Ir(acac) 3 were found to adsorb on the added rows of 
Ti2C>3 on TiO 2 ( 110 ) terraces [4.118], These molecules are used in gas-phase 
grafting (GG) methods for preparing metallic nanoparticles. 

The reconstructed TiO 2 ( 110)-(2 x 1) structure was found to be the 
preferential adsorption site for SO 2 at low coverage [4.111]. Adsorption at 
TiO 2 ( 110 )-(l x 1) sites becomes significant at high SO 2 coverage, along the 
fivefold Ti atom rows. 

4.5.2 CO on RuO 2 (110) 

RuO2 (110) surfaces can be obtained by epitaxial oxidation of Ru(0001) sur¬ 
faces (Fig. 4.27) or by growth from Ru02 powders at elevated tempera¬ 
tures [4.119-4.121], Single crystal surfaces of Ru02 have been studied by 
STM in both UHV and ambient conditions. Figure 4.28 is an example of 
the ordered atomic structure of RuC >2 crystal surfaces obtained by STM in 
ambient conditions [4.121]. 
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Fig. 4.27. Structural model of RuO2(110) surface. O atoms can be found at bridge 
sites (Obr) and coorclinatively unsaturated sites (O cus ) (extracted from [4.120]) 
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Fig. 4.28. a, b STM image of RuO2(110) surface in ambient conditions showing 
atomic resolution (extracted from [4.121]) 


Under UHV conditions, the individual CO molecules were found to adsorb 
to ruthenium atoms at the coordinatively unsaturated sites (cus) of Ru 02 
surfaces [4.119,4.120]. The CO molecules interact with the RuO 2 ( 110 ) sub¬ 
strate through coupling of 5 cr electrons with the substrate, and the 27T* of CO 
and the d electron of the substrate. The bonding strength therefore provides 
an indication of the local density of d electrons at the adsorption sites. The 
adsorbed CO on Ru 02 is immobile [4.119], suggesting a high diffusion barrier. 
The accompanying density function theory simulation suggested a diffusion 
barrier of about 1 eV, which is much higher than the typical diffusion bar¬ 
rier on clean metal surfaces (a few tenths of an eV). This enhanced diffusion 
barrier on oxide surfaces could be due to the fact that highly localized bonds 
form during chemisorption. 

The oxidation of CO to CO 2 can be achieved by reacting with lattice 
oxygen atoms [4.119,4.120]. The driving mechanism for the enhanced reac¬ 
tivity was explained by the reduced bonding strength of bridge site oxygen 
atoms (about 1.6 eV), which matches the adsorption barrier of CO anchored 
to the coordinatively unsaturated (cus) Ru atoms ( 1.2 eV). This result pro¬ 
vides direct evidence for the catalytic activity of the cus mechanism for oxide 
surfaces [4.122]. 

4.5.3 Fe Oxide Surfaces 

STM has been applied to obtain high-resolution images of single crystalline 
iron oxide films FeO(lll), FesO^lll), and a-Fe 203 ( 0001 ), prepared by epi¬ 
taxially grown on Pt(lll) surfaces [4.123]. Site-specific dissociations of CCI 4 
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and CI 2 molecules on c*-Fe 2 03 ( 0001 ) surfaces have been identified by STM 
(Figs. 4.29 and 4.30) [4.124], The (2 x 2 ) structure for Fe 203 (lll) was ob¬ 
served as the dominant feature on clean oxide surfaces, and is the active struc¬ 
ture for dissociation reactions. The low-energy-electron-diffraction (LEED) 
pattern and the accompanying I-V spectroscopy result collected on the sur¬ 
face suggested the (2 x 2 ) surface is terminated with a 1/4 monolayer of Fe 
atoms. It was found that Cl atoms are preferentially attached to the atop 
sites of Fe atoms, and bring substantial changes in tunneling characteristics. 
In addition, the minority structure of (1 x 1 ) has tentatively been assigned 
to oxygen terminated regions from tunneling characteristics, and is inactive 
to the adsorbates. The threefold hollow sites are the additional adsorption 
sites for dissociation of CCI 4 molecules, attributed to the binding of COCI 2 
to the second-layer Fe atoms (Fig. 4.30). 


4.5.4 Other Oxide Surfaces 

A growing number of STM studies dedicated to metal oxide surfaces have 
been seen in the literature, such as those dealing with WO 3 ( 001 ) [4.125, 
4.126], polyoxometalate films [4.127], and vanadium oxides [4.128]. The 7 - 
WO 3 surface has been examined in the oxidative dehydration of alcohols at 
molecular resolution by STM [4.126]. The WO 3 ( 001 ) surface develops a c (2 x 
2 ) reconstruction pattern, terminated with a 1/2 monolayer of oxygen atoms. 
After annealing product of 1 -propanol at 400 K, dispersed features correlated 
to alkoxide adsorbates were observed, and the binding sites were attributed 
to the exposed W 6+ sites. Such efforts could contribute to the understanding 
of many important, heterogeneous catalytical reactions at single molecule 
level. Several oxide structures have been identified on thin-film vanadium 
oxide layers grown on Pd(lll) using HREELS, including V 5 O 14 , V 6 O 14 , and 
S-V 2 O 3 ’[4.129], 

The silver oxide surface Ag(lll) was prepared by exposing Ag(lll) sur¬ 
faces to large doses of NO 2 . STM observations in UHV and low temper¬ 
atures of this oxide surface revealed hexagonal, honeycomb structure of 
P<4 x 4)-0 [4.130,4.131]. Theoretical simulations by Green’s function scat¬ 
tering formalism of the STM image suggest that the surface is actually a 
trilaver structure of Ag x 83 0 on top of Ag(lll). Ethene molecules are found 
to adsorb exclusively on the Ag 3 sites of the silver oxide surface at 77 K 
(Figs. 4.31, 4.32) [4.131], In addition, calculations based on density func¬ 
tion theory point to the significant displacement of Ag 3 sites to optimize the 
adsorption of ethene molecules. 

STM results on reaction systems are rather preliminary at this stage, and 
much more work should be performed to provide complementary and use¬ 
ful data to the body of information obtained from other traditional surface 
chemistry research. With the continued development of STM techniques, it 
is expected that this technique could facilitate studying practical heteroge¬ 
nous reactions under high pressures and temperatures, as well as disordered 
surfaces. There have been several generations of designs of STM instruments 
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Fig. 4.31. Structural model of silver oxide (extracted from [4.131]) 



Fig. 4.32. STM image of ethene-covered silver oxide surface. The arrow marks the 
single ethene molecular adsorbate (extracted from [4.131]) 


toward this goal, with some progress. Until such time, more rigorous investi¬ 
gations can be performed to reveal details of heterogeneous catalytic reactions 
in real time and space, and the results will be surely highly important. 



5 Molecular Scale Analysis 
Using Scanning Force Microscopy 


5.1 Basic Principles of Atomic Force Microscopy (AFM) 

It is important to note that the “tunneling” phenomenon utilized by STM 
introduced in the preceding chapters requires that this instrument be used 
only for electrical conductors or semiconductors. In order to study an electri¬ 
cally non-conductive material with an STM, its surface must be covered with 
a thin conductive layer. However, the existence of conductive films often re¬ 
duces the resolution and thus limits the usefulness of the STM. It was mainly 
this limitation that prompted the invention and development of atomic force 
microscopy (AFM) in 1986 [5.1, 5.2], which can be applied to image both 
conductors and non-conductors in air, liquids or vacuum. The force micro¬ 
scopes have demonstrated excellent resolution capabilities at nanometer scale, 
and the experimental conditions are greatly expanded. Since the invention 
of AFM [1], the concept has led to widespread interest in many branches in 
surface science studies [5.2]. As a result, several highly effective microscopy 
techniques have appeared, with the aim of developing new chemical mapping 
methods for surfaces [5.3,5.4], 

The principles behind various force detection schemes require detailed 
knowledge of the interaction force, both for long and short ranges, espe¬ 
cially those interactions between the probe and various functional end groups 
of the surface. Extensive studies have provided ample examples of retriev¬ 
ing nanometer-scale surface compositional information based on mechanical, 
physical, chemical and magnetic characteristics that form the content of this 
chapter. The pursuit of nanometer-scale mapping of surface compositions us¬ 
ing AFM-related techniques has produced many illuminating results. In view 
of the high spatial resolution, such efforts should provide insightful informa¬ 
tion complementary to that from other surface characterization techniques. 

5.1.1 Introduction of Instrumentation 

The operational principle of AFM is schematically illustrated in Fig. 5.1. The 
cantilever, which is extremely sensitive to even weak forces, is fixed at one 
end. The other end of the cantilever has a sharp tip that gently approaches the 
sample surface. The designs of AFM scanners can be identical to that used in 
STM. When the sample is being scanned in the x-y direction, because of the 
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(a) 



(b) 



Fig. 5.1. Schematics of a AFM cantilever, and b detection configurations (ex¬ 
tracted from [5.4]) 


ultra-small repulsive force between the tip atoms and the surface atoms of the 
sample, the cantilever will move up and down in the direction perpendicular 
to the sample surface, corresponding to the contours of the interaction force 
between the tip and surface atoms of the sample. The topographic images can 
be obtained either by recording the deflection of the cantilever at each point 
(variable-deflection mode) or by keeping the force constant using an electric 
feedback circuit and recording the ^-movement of the sample (constant-force 
mode). The STM yields images related to the surface electronic densities 
near the Fermi level. The AFM tip may be kept in direct contact with the 
surface (contact mode) or it may be vibrated above the surface (non-contact 
mode). For high-resolution imaging and most routine topographic profiling, 
the repulsive force (10 _9 -10 _8 N) or contact mode is usually used. In the 
non-contact mode, van der Waals, magnetic, or electrostatic forces can be 
detected. 

5.1.2 Cantilever 

High lateral stiffness in the cantilever is desirable to reduce the effects of lat¬ 
eral forces in the image-acquiring process by AFM. Frictional forces can cause 
appreciable lateral bending of the cantilever, leading to associated image ar¬ 
tifacts. Investigations have indicated that choosing a “V” shape for the lever 
can yield substantial lateral stiffness. In a recent study, it was suggested that 
a rectangular-shaped cantilever can actually lead to better lateral stability 
than is the case for the “V”-shaped lever [5.5]. The analysis was performed 
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by considering the ratio between the lateral spring constant and the nor¬ 
mal spring constant, using typical parameters for Y-shaped cantilevers. The 
theoretical analysis was confirmed by experiments using centimeter-scaled 
cantilevers [5.6], 

For high-resolution topographical imaging, the cantilever stylus used in 
the AFM should satisfy the following criteria: 

(1) Low force constant 

(2) High resonant frequency 

(3) High mechanical Q 

(4) High lateral stiffness 

(5) Short lever length 

(6) Incorporation of a mirror or electrode for deflection sensing 

(7) Sharp protruding tip. 

For imaging atomically flat samples, one can simply use the end of a 
cantilever as an effective local tip. For imaging rougher samples, however, a 
sharp, protruding tip of known shape is preferable, so that the interaction 
between the sample and the cantilever can be characterized more precisely. 

Fabrication processes have been developed to produce SiC >2 cantilevers 
with integrated conical tips or tetrahedral tips [5.7]. The low mass of these 
cantilevers allows them to have high resonant frequencies (10—100 kHz), with 
spring constants (typically 0.0006 N m -1 ) small enough to detect forces less 
than 10 -8 N. As an AFM can image both conductors and non-conductors, in 
air, liquids or vacuum, it has found a wide range of applications with atomic 
and molecular resolutions of surfaces. Images obtained using the cantilevers 
described above convincingly resolve the atomic periodicity of several types 
of crystalline samples, including graphite, M 0 S 2 , \VTe 2 , TaSe 2 , and boron 
nitride (BN) [5.8]. 


5.1.3 Cantilever Deflection Detection 

Several designs of deflection detection have been demonstrated during the 
development of AFM techniques, and some can be found in commercially 
available instruments. The effectiveness has been widely tested under UHV, 
low-temperatures, ambient-temperature, and liquid conditions. 

Optical detection of the cantilever deflection can be exemplified by the 
designs based on beam deflection or beam interferences. To measure the can¬ 
tilever displacement, the direction of a laser beam reflected off the back side 
of the cantilever is monitored with a position-sensitive detector (PSD). In 
the case of surface topography, the bending of the cantilever is recorded with 
a segmented PSD, typically a bi-cell, which consists of two separated pho¬ 
toactive (e.g., Si) segments (anodes) with a common cathode. Additionally, 
lateral forces induce a torsion of the cantilever, which in turn causes the 
reflected laser beam to undergo a change in direction perpendicular to the 
surface. Thus, with a simple combination of two orthogonal bi-cells, i.e., a 
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quadrant PSD, one is able to measure the deflection of the cantilever inde¬ 
pendently and simultaneously in two orthogonal directions [5.9-5.11], This 
capability is unique to the optical beam deflection method that, due to its 
very nature, measures the orientation of the cantilever together with its dis¬ 
placement. The beam interference methods using optical interferometry have 
also been discussed in the literature [5.12,5.13], 

The electrical detection methods are derived from tunneling effects [5.14— 
5.16], the capacitance method [5.17,5.18], and the piezoelectric method [5.19— 
5.21]. The inclusion of a piezo-resistive strain sensor to the cantilever enables 
direct measurements of the deflection at high resolution both in ambient con¬ 
ditions [5.22], UHV [5.23], and at low temperatures [5.24,5.25]. In addition, 
a setup was proposed for studying single molecule forces based on magnetic 
stimulation. Detection of the AFM cantilever was achieved through an at¬ 
tached magnetic particle [5.26]. 

5.1.4 Cantilever Calibration 

The primary difference between the scanning method of an AFM and an 
STM is that it is the sample that is scanned, rather than the delicate, and 
sometimes bulky, force sensor (composed of tip and cantilever). Much of the 
technology for optimized AFM performance is now well developed. Tech¬ 
niques for vibration isolation, scanning, sample approach, feedback control 
and image processing are adopted with little modification from those of STM. 
Construction of the force sensing cantilever stylus, and measurements of the 
deflection of cantilevers still need careful consideration. 

The force sensor is a crucial component for AFM, determining its sensi¬ 
tivity and resolution. Whereas the force sensor senses the force, the role of 
the cantilever is to communicate this information to the controller. When the 
AFM is operated in the contact mode, in order to register a measurable de¬ 
flection with small forces, the cantilever must flex with a relatively low force 
constant. The data acquisition rate in the AFM is limited by the mechanical 
resonant frequency of the cantilever. To achieve an imaging bandwidth com¬ 
parable to that of an STM, AFM cantilevers should have resonant frequencies 
greater than 10 kHz. Fast imaging rates are not simply a matter of conve¬ 
nience, because the effects of thermal drifts are more pronounced with slow 
scanning speeds. If the scanning rate is too high or the cantilever resonance is 
too low, due to the inertia of the cantilever, the stylus tip may not track the 
steep downward slopes on the sample surface. The combined requirements of 
a low spring constant and a high resonant frequency can be met by reducing 
the mass of the cantilever stylus assembly. 

Quantitative determination of spring constants of AFM cantilevers has 
been carried out following several methods. The thermal noise method utilizes 
the frequency spectrum generated from fast Fourier transformation (FFT) of 
the cantilever displacement spectrum to obtain the modulus value k [5.27]. An 
example of the power spectrum of cantilever fluctuation is given in Fig. 5.2. 
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Fig. 5.2. Power spectrum of cantilever deflection fluctuations recorded by the 
detector (extracted from [5.27]) 


This approach can be understood by considering that the oscillation of the 
cantilever is a harmonic motion, and mean kinetic energy is equivalent to 
thermal energy expressed in the following: 
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Using Fourier relations one can have the following: 



d LV = P 


The thermal noise spectrum of the cantilever can be obtained by sam¬ 
pling the amplified photodiode difference signal at high speed, and Fourier 
transforming the results [5.28]. Further analysis of the detailed deflections 
of the cantilevers suggested that the amplitude of thermal noise could be 
affected by temperature, the spring constant, and measurement configura¬ 
tions [5.29,5.30]. It was further suggested that the thermal noise method is 
particularly suitable for soft cantilevers [5.30]. 

The other method is by adding a known mass M to the cantilever, and 
measuring the shift of resonance frequency, as illustrated in the following 
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Fig. 5.3. The resonance spectra of an AFM cantilever a before and b after adding 
a 44-ng end mass (extracted from [5.31]) 


expressions and the example given in Fig. 5.3 [5.31]: 
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An alternative method is to use a pre-calibrated cantilever as reference. This 
calibration method is performed by pressing the cantilever to a pre-calibrated 
glass fiber while recording the deflection. The calibration of glass fiber can 
be obtained by attaching a small load [5.32], 


5.2 AFM Operating in Contact Mode 

5.2.1 Contact Mode 

In the contact mode of AFM operations, the interaction force is represented 
by the deflection of the cantilever. The magnitude of the interaction is derived 
from the displacement and the spring constant of the cantilever. It should be 
noted that the cantilever deflection is generated by forces both perpendicular 
to the surface as well as in the lateral direction. 

The effects of atomic structures of a tip on AFM images have been stud¬ 
ied theoretically using both single atom and multiple-atom tips [5.33]. The 
simulated images showed that single atom tips can generate anomalous pat¬ 
terns and are not appropriate for assessing experimental results. In the case of 
multiple-atom tips (Fig. 5.4), the applied load, tip geometry and bond length 
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Diamond tip 



Graphite substrate surface 


Fig. 5.4. Cluster model of a diamond (111) tip consisting of 54 atoms over a 
graphite surface (extracted from [5.33]) 



Fig. 5.5. Calculated topography image using a 54-atom cluster tip at constant 
repulsive force of a 0.5 nN and b 5.0 nN (extracted from [5.33]) 


can indeed affect the observed lattice patterns (Fig. 5.5). The distribution of 
the interacting force in the vicinity of the tip apex is also affected by the tip 
apex structures. 

Besides these atomically flat surfaces, using an AFM, it has been possible 
to image organic molecules on molecular crystal surfaces such as amino acids 
[5.34] and nitronyl nitroxide [5.35]. Surfaces in air are typically covered with a 
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layer of liquid contaminants, and when the probe comes near a sample, there 
is a capillary force that pulls the tip toward the sample (with a typical value 
of 10 -7 N). Operating the AFM within water can reduce this undesirable and 
often destructive force, and allows one to better control the force between the 
tip and the sample. 

Topography imaging can also resolve molecular domains among dif¬ 
ferent hydrocarbon chain lengths [5.36,5.37], For example, phase separa¬ 
tion of mixed fatty acids (palmitic acid C 15 H 31 COOH and lignoceric acid 
C 23 H 47 COOH) prepared by the Langmuir-Blodgett method was character¬ 
ized by both topographic and frictional imaging [5.37]. The height difference 
equivalent to the difference of molecular chain length in topographic images 
can be used to identify the composition of the domains. 

Nanometer-scale resolution AFM studies of multicomponent polymer sur¬ 
faces can enable detailed analysis of properties such as phase separation be¬ 
havior, and surface wetting/de wetting. The distinction of surface compo¬ 
sitions can be rationalized by arguments based on bulk compositions and 
surface free energy [5.38]. As an example, direct AFM observations of thin 
films of immiscible blends of polystyrene (PS) and poly (methyl methacrylate) 
(PMMA) revealed the surface phase separation behavior of the polymer film. 
The continuous domains displaying high contrast are attributed to PMMA 
as a result of either chain conformation or chain aggregation structures being 
frozen at the air-polymer interface. Several types of phase separation char¬ 
acteristics can be resolved at various film thicknesses, and can be interpreted 
within the framework of thickness dependence of both the Flory-Higgins in¬ 
teraction parameter and the degree of polymer entanglement. 

Microscope studies of organic-inorganic composite materials using AFM 
also provided interesting insight into nucleation and growth processes. An 
example can be found in the study of biomineralization processes [5.39— 
5.41], The crystal structure of calcium carbonate was shown to be sub¬ 
tly affected by the inclusion of proteins during growth processes [5.42- 
5.44], Such biocomposite materials have demonstrated superb toughness and 
strength [5.45,5.46]. 

AFM has found extensive applications in biological systems [5.47]. The 
AFM has been used to image various cell surfaces, (such as red blood cells 
[5.48]), and DNA [5.49]. A major challenge for investigators in this field is to 
develop appropriate sample preparation techniques that will allow optimal 
details to be imaged. The sample must be rigid enough not to be damaged or 
distorted by the applied force. As mentioned above, imaging with the sample 
in liquid eliminates meniscus forces that can pull the stylus destructively 
into the sample, thus making it possible to use smaller forces, usually in the 
10 -9 N range or less. 

With technical advances in AFM, especially the optical beam deflection 
techniques, the AFM has been used successfully to study electrode surfaces 
under potential control in a fluid electrolyte. AFM has also been used suc¬ 
cessfully to image Au(lll) electrode surfaces showing atomic periodicity 
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while the electrode was under potential control in a fluid electrolyte [5.50]. 
AFM images in electrolytes taken at +0.7 V prior to Cu deposition showed 
large areas exhibiting Au(lll) structures. By sweeping the potential, the Cu 
can be stripped down to an under-potential-deposited monolayer and finally 
returned to a bare Au(lll) surface. The images revealed that the under¬ 
potential-deposited monolayer has a correlation with different electrolytes. 
Specifically, for a perchloric acid electrolyte the Cu atoms are in a close- 
packed lattice with a spacing of 0.29 nm. For a sulfate electrolyte, they are 
in a more open lattice with a spacing of 0.49 nm. As the deposited Cu layer 
grew thicker, the Cu atoms converged to a (lll)-oriented layer with a lattice 
spacing of 0.26 nm for both electrolytes. Images were also obtained of an 
atomically resolved Cu monolayer in one region, and an atomically resolved 
Au substrate in another region in which a 30° rotation of the Cu monolayer 
lattice from the Au lattice is clearly visible. The observation of a complete 
adsorption and desorption cycle for a metal onto another metal surface with 
such high resolution demonstrates that the AFM is a valuable technique in 
studying other electrochemical processes in situ. 

Studies of individual biomolecules such as DNAs under ambient condi¬ 
tions provide many examples of contact-mode AFM applications. AFM has 
displayed great potential in the study of the structure of surface-bound DNAs 
and DNA—protein complexes. Full-length DNA molecules have been stud¬ 
ied extensively by AFM [5.51—5.53]. The difficulty in imaging large DNA 
molecules comes from the fact that the longer the strand, the stronger the 
tendency to form entanglements. One way to solve this problem is to align 
the long DNA strands in a single direction. Several approaches have been 
proposed to straighten large DNA segments, such as by surface tension, and 
hydrodynamic force [5.54—5.59]. Figure 5.6 presents some examples of aligned 
DNA molecules on mica surfaces prepared by flowing gas [5.59]. 

It has been known from experiments that 3-aminopropvltriethoxysilane 
(APTES)-covered mica surfaces can effectively immobilize DNA molecules 
under water to allow high-resolution AFM studies [5.52], The measured width 
of DNA molecules by AFM is typically in the range 10-40 nm, compared with 
the structural width of around 2 nm. The broadening effect can come from 
several factors, including tip broadening, and the presence of a hydration 
layer around the DNA. It is worth pointing out that freshly cleaved surfaces 
of highly oriented pyrolytic graphite (HOPG) can have intriguing features 
closely resembling those of polymeric molecules including DNAs observed by 
STM [5.60,5.61]. HOPG is therefore not the ideal substrate for such studies. 

Direct observations of site-specific interaction between DNA and enzymes 
can be achieved with AFM. Allison et al. [5.62] demonstrated the mapping 
of EcoRI endonuclease attached to single cosmid DNA [5.62,5.63]. The AFM 
images provided consistent information on the binding sites of EcoRI, with 
the known values of the separations between these sites (Fig. 5.7). In another 
study, protein binding was found to cause local conformation change of DNA 
segments, and resulted in sharp bends in stretched DNAs [5.64]. 
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Fig. 5.6. a—e Various appearances of stretched DNA molecules on mica surfaces 
observed by AFM (extracted from [5.59]) 



Fig. 5.7. Site-specific binding of DNA/EcoRI observed by AFM (extracted from 
[5.62]) 
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The strand-exchange reaction of nucleoprotein and double-stranded DNA 
was observed with AFM [5.65], The reaction involves a RecA-coated single- 
stranded DNA as a probe and plasmid DNA. The probe targets a specific 
site on the double-stranded DNA consisting of 36 base pairs. The attachment 
of the probe protein to DNA was identified with high precision using AFM. 

AFM was also used in analyzing the proteolysis process of collagen I 
molecules by Clostridium histolyticum collagenases in a phosphate-buffered 
saline (PBS) solution [5.66]. The digestion of individual collagen molecules 
can be identified. By monitoring the number of collagen I molecules in real 
time, the hydrolysis rate constant can be obtained, and the reaction time 
for single collagen digestion was estimated in the range of 15 s to several 
minutes. With the advantage of introducing light illumination while sensing 
local normal force interactions simultaneously, the photo-induced motion of 
protein-bacteriorhopsin (bR) within membranes can be followed [5.67]. 


5.2.2 Friction Force Microscopy 


The friction force microscope (FFM) is an extension of the AFM that allows 
one to measure the bending and twisting of the cantilever in the imaging 
process simultaneously [5.68,5.69]. It measures topography just like the AFM, 
but additional sensors are used to measure the frictional forces between the 
sample and the tip from the same scan. 

It is instructive to examine briefly the nature of the cantilever response to 
frictional and surface forces. In the latter case, the direction of the acting force 
is perpendicular to the surface of the sample, and results in a vertical bending 
(z-axis direction) of the free end of the anchored cantilever. By contrast, in the 
lateral or frictional regime, where the cantilever is presumed in contact with 
the surface, upon scanning the cantilever undergoes a torsion (twist) motion 
about its long axis (in the x-y plane). Both motions are orthogonal to each 
other. It is orthogonality that enables the simultaneous, yet independent, 
acquisition of topographic images and frictional data. 

It should be noted that the torsion force constant depends critically on the 
tip length. Additionally, the tip should be centered at the free end of the can¬ 
tilever. Both factors can be readily controlled with the use of microfabricated 
cantilevers and tips. 

Friction force microscopy is able to reveal structures of molecular crys¬ 
tal surfaces, 4,4', 7, 7'-tetrachlorothioindigo (TCTI), with high resolution, as 
shown in Fig. 5.8 [5.70], Frictional images were also able to distinguish the ori¬ 
entational difference in self-assembled monolayers (SAM) of n-alkanethiolate 
in Fig. 5.9 [5.71]. This difference between alkane chains with even or odd 
numbers of methylene units is due to the maximization of surface free en¬ 
ergy. In this case, the SAM hexadecanethiol was prepared by microcontact 
printing followed by the deposition of heptadecanethiol from solution. 
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Fig. 5.8. Molecular arrangement of TCTI crystal in a a-b plane and b projection 
in the (001) direction c Frictional force image of the molecular lattice structure of 
the (001) surface (extracted from [5.70]) 


v*(CH 3 ) 



Fig. 5.9. Schematic illustration of molecule orientations of alkanethiolate assem¬ 
bled on gold surfaces associated with even (left) and odd (right) numbers of methy¬ 
lene units (extracted from [5.71]) 


5.3 AFM Operating in Oscillatory Modes 

5.3.1 Tapping Mode 

An AFM tip operating in tapping mode is driven by an oscillating piezo¬ 
electric actuator at its resonant frequency [5.72]. In the tapping mode, high 






5.3 AFM Operating in Oscillatory Modes 119 



Fig. 5.10. Example of amplitude variation as a tapping tip approaches the sample 
surface (extracted from [5.73]) 


aspect ratio tips with small radii of curvature are used, and the vibrating 
tip contacts the sample surface many times during collection of each data 
point. The cantilever oscillation is damped when the tip contacts the water 
layer and the sample surface, but the larger vibration amplitude gives the 
cantilever sufficient energy to overcome the surface tension of the adsorbed 
water layer. The advantages of tapping mode are that the impact of adhesion 
force in ambient conditions is reduced due to the high restoring force of the 
stiff cantilever. In addition, the energy dissipation due to lateral force is min¬ 
imal because of the greatly reduced contact time between the tip and sample 
surface. The force imparted onto the sample surface by the cantilever can be 
very small because small shifts in the vibration amplitude can be detected. 
The tapping mode allows delicate samples to be imaged with normal forces 
on the order of fractions of a nN, and shear forces that are essentially zero. 
The applied force is significantly lower than the force applied by the contact 
AFM. The lateral resolution in the tapping mode compared favorably to the 
contact AFM because high vibration frequencies allow the tip to contact the 
sample surface many times before it translates laterally by one tip diameter. 
Therefore, the tip shape defines the lateral resolution in the tapping mode, 
as it does with the contact AFM. In practice, this mode can be used to get a 
topographic image of any sample, regardless of its conductivity or mechani¬ 
cal composition. The amplitude of the cantilever oscillation is monitored as 
the tip approaches the sample surface (Fig. 5.10), and used as a feedback 
parameter [5.72,5.73]. 

For an AFM tip in harmonic oscillation with period T and amplitude Aq , 
the average force of the tip in contact with the surface during time r is [5.73]: 
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The oscillation behavior of the cantilever in air is observed to be symmet¬ 
ric. Under liquid conditions, the transition from free oscillation to pivoting 
movement is similar to the force-distance curves in contact-mode AFM. 

There is fast-growing interest in using tapping force microscopy to study 
surface properties, especially of soft materials. This approach, though in 
essence a modified contact-mode AFM, minimizes effects due to friction or 
other lateral forces. The key factors in the measurements are the amplitude 
and phase variations, compared with free resonant vibrations. Much effort 
has been invested in the quantitative description of these variations [5.74- 
5.76]. Such effort is not a trivial exercise, as it involves both the interface and 
bulk properties of the sample materials. 


5.3.2 Phase Imaging 

Another operation mode of tapping AFM is phase imaging, in which the phase 
variation of the oscillating cantilever relative to the excitation signal is used 
as the imaging parameter. At the same time, the amplitude is kept constant. 
The variation of the phase of oscillatory motion has been shown to be related 
to several factors, such as tip-sample interaction, energy dissipation of viscous 
interaction with the surrounding medium, surface topography, and inelastic 
interaction between the tip and sample [5.76-5.84]. Phase imaging has been 
extensively applied in the study of heterogeneous surface structures to resolve 
different compositions at nanometer scale [5.85-5.89]. 

Marcus et al. [5.90] recently considered the effect of in-plane tip motion 
on the magnitude of the phase shift, particularly for the case in which the 
tip has a finite tilt angle. The additional energy dissipation due to in-plane 
forces (friction and shear inelastic deformation) will be reflected in anisotropic 
features in the phase image. 


5.3.3 Operations Under Liquids 

The oscillation frequency spectrum for AFM under liquid conditions has been 
shown to be the convolution of the fluid drive spectrum and the thermal 
noise spectrum of the cantilever, and is independent of the geometry of the 
cantilever [5.28], The frequency spectrum recorded in liquids often displays 
multiple peaks around the resonant peak position, as a result of acousti¬ 
cally coupled excitation of the liquid (Fig. 5.11). The detection frequency in 
tapping-mode operation should be chosen as one of these peak frequencies. 

A different approach for tip oscillation is achieved with magnetic exci¬ 
tation of coated cantilevers, also termed magnetic a/c mode (MAC mode) 
[5.91], The method uses cantilevers that are coated with magnetic materi¬ 
als and magnetized prior to experiments. During experiments, a magnetic 
solenoid driven by an AC current is used to induce oscillation of the can¬ 
tilever. This method has improved frequency spectra under liquid conditions 
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Fig. 5.11. Schematic of cantilever oscillation spectrum in liquid conditions. Multi¬ 
ple peaks can be seen in the vicinity of resonance frequency (extracted from [5.28]) 



Fig. 5.12. Oscillation spectrum for a magnetically stimulated cantilever in water. 
The dashed line is the simulated result using a harmonic oscillator model. The 
cantilever has a length of a 140 pm and b 85 pm (extracted from [5.91]) 



Fig. 5.13. Topography image of a plasmid DNA in solution using a magnetic a/c 
mode and b contact mode (extracted from [5.91]) 


(Fig. 5.12). Better signal-noise ratios have been demonstrated in imaging of 
DNA molecules, and organic SAMs under liquid conditions (Fig. 5.13) [5.92]. 

Controlled cantilever vibration can also be obtained by passing an AC cur¬ 
rent through the cantilever in the presence of an external magnetic field [5.93]. 
The cantilever is attached with a current circuitry. The current frequency can 
be set at close to the resonance frequency of the cantilever while operating 
in the tapping mode (Fig. 5.14). 
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Fig. 5.14. a Schematic of a magnetic field-coupled cantilever with an ac cur¬ 
rent control mechanism, b and c are the oscillation spectra in water using acous¬ 
tic excitation- and magnetic field-controlled methods, respectively (extracted from 
[5.93]) 


5.3.4 Non-Contact Mode 


Non-contact AFM (NC-AFM), or frequency modulation AFM, uses the fre¬ 
quency shift as the imaging parameter [5.76,5.94-5.96]. During NC-AFM 
imaging acquisition, the cantilever is kept at constant amplitude, and the 
tip-sample separation is adjusted to keep the frequency shift at the set value. 
The frequency shift depends on the force and interaction potential, and also 
the operation conditions. The frequency shift can be expressed in a general 
form [5.76]: 


Af(d,k,A Q ,fo) 


2i r kAo 



+ Aq + Aq cos p] cos p dp 


(5.4) 


where k is the spring constant of the cantilever, Ao the oscillation amplitude, 
/o the resonance frequency, and d the closest distance between the tip and 
sample. 

The imaging mechanism in non-contact AFM is associated with the cova¬ 
lent interaction between the semiconductor surface and tip (as for the atomic 
resolution obtained on Si(lll) [5.97-5.99] and InP(llO) [5.100] surfaces), the 
short-range electrostatic interaction between ionic crystal surfaces and the 
tip (as in the study of alkali halides and oxides [5.101]), and short-range dis¬ 
persion forces between noble gas atoms and the tip (as in the observation 
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of the atomic structure of Xe films adsorbed on graphite surfaces [5.102]). 
A recent low-temperature NC-AFM study also revealed for the first time 
the full lattice of graphite [5.103]. Such resolution capability could be highly 
desirable in studying the surfaces of soft materials. 

The resolution capability of NC-AFM has been manifested in the imaging 
of the unit cell structure of a tungsten tip apex using graphite surface atoms 
as the probe [5.104], The charge density of 2 p z orbitals (which points per¬ 
pendicular to the surface plane) of C atoms in the graphite lattice can serve 
as a local probe. The fine subatomic features of the tungsten cell can be re¬ 
solved only in the higher harmonics of the oscillating force frequencies. The 
characteristic geometry of the observed images within a tungsten unit cell 
was ascribed to the total electron charge density distribution of the outmost 
tungsten atom within the AFM tip, approximated by a W(001) surface with 
bcc crystal structure. The tungsten atom actually measured can be located 
at different symmetry sites within the bcc cell unit, resulting in differences in 
the observed charge distribution symmetries. The highest spatial resolution 
b} r this approach is 77 pm. These data provide an example of reverse imag¬ 
ing in AFM operations, where the atomic protrusions of the atomically flat 
surface can actually be used as an imaging “tip”. 

Three basic forces can be mapped across a sample surface in the non- 
contact mode by detecting the deflection of the cantilever under the influ¬ 
ence of the desired force. These consist of electrostatic, magnetic, and van 
der Waals forces, in the order of complexity of the interaction. The first deals 
with monopoles, the second with dipoles, and the third requires a quantum 
mechanical treatment. These forces and their derivatives can be as small as 
10 -12 N and 10 -14 N m _1 , respectively, which is much smaller than those 
encountered with other AFM techniques. Much effort has gone into inves¬ 
tigating magnetic force in force microscopy. This kind of microscopy has 
developed into an independent field as magnetic force microscopy (MFM), 
and is discussed in the following section. Non-contact AFM has also been ap¬ 
plied to distinguish organic molecules such as thymine and adenine [5.105], 
The contrast variation can be associated with the electrostatic coupling with 
the tip, such as for the example of fluorine-substituted carboxylate surfac¬ 
tants [5.106]. 


5.4 Magnetic Force Microscopy (MFM) 

5.4.1 Basic Imaging Mechanism 

The magnetic force microscope is essentially a kind of force microscope op¬ 
erated in the non-contact mode, except that the silicon tip is replaced by 
a magnetic tip (made of ferromagnetic metals or metal composites) that is 
magnetized along its length [5.106,5.107], Tips coated with ferromagnetic 
thin films were investigated successfully by a number of groups and have 
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become commercially available. Magnetic thin film tips have a significantly 
reduced tip stray field, compared to bulk-wire tips. Another advantage is that 
their magnetic properties can be controlled by choosing an appropriate coat¬ 
ing material. Thus, it is possible to measure the selected components of the 
sample field by coating the tips with high-coercivity films and magnetizing 
these appropriately in an external field. 

The magnetic forces measured in the MFM are purely magnetostatic. 
They arise from the magnetic dipoles in the tip interacting with local mag¬ 
netization in the sample. When the cantilever, which is oscillating at its 
resonant frequency, is brought near a magnetic sample surface (typically be¬ 
tween 10 and 200 nm), the tip encounters a magnetic force gradient. At the 
same time, the effective spring constant and the resonance frequency are also 
shifted. By driving the cantilever above or below the resonant frequency, the 
oscillation amplitude varies as the resonance shifts. In the amplitude detec¬ 
tion mode, an image of the magnetic field gradient is obtained by recording 
the oscillation amplitude as the tip is scanned over the sample. 

The imaging mechanism of MFM can be initiated by considering an os¬ 
cillating cantilever described by the following equation: 

+ LO o( d ( t ) ~ d o) = A 0 u 0 cos(u D t) (5.5) 

where d(t) is the tip-sample separation, do the tip-sample separation at zero 
oscillation, u>o the resonant frequency of the cantilever, ojq the driving fre¬ 
quency, and Q quality factor, ojq and Q are defined as: 


LOq = 



Q = 


mu>o 


where c is the spring constant of the cantilever and 7 the damping factor- 
associated -with the medium surrounding the cantilever. 

The oscillation amplitude of the cantilever can be explicitly expressed in 
Lorentzian form [5.108]: 


_ Aq(ujq/ud) _ 

[1 + Q 2 (lud/lo 0 — loq/l jd) 2 ] 1//2 


(5.6) 


The phase shift between the actual oscillation and the driving signal is: 


27 LOd 

a — arctan —~- tt 

Uq ~ u D 


In the presence of a force gradient ( dF/dz ) (i.e., non-uniform force distribu¬ 
tion), the effective spring constant will be changed into: 


c e o = c - — = c - F 
oz 


(5.7) 
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The corresponding resonance frequency will be changed into: 
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Similarly, the phase shift will also be affected by the same force gradient. 

The driving frequency is usually selected at the position of largest slope 
in the amplitude spectrum in order to obtain high sensitivity. 




The change in oscillation amplitude is expressed as: 


AA 



F' 


It was pointed out that the time interval required for the transition between 
different oscillation states under the influence of the force gradient is re¬ 
stricted by: 

r = 2 Q 

LOq 


Therefore, a high Q-factor is not desirable for such detections. This restriction 
can be severe enough to hamper the application of the method to vacuum 
conditions [5.109]. A different detection approach can be achieved by the 
frequency modulation AFM mechanism that keeps the cantilever (with high 
Q-factor) at resonance, and the frequency variation induced by the force 
gradient is measured [5.94]. 

In MFM studies, the force gradient is originated from the interaction 
between the magnetic tip and the stray field of the sample surface. The tip 
can be simplified as a magnetic point monopole with moment q and dipole 
with moment m. The stray magnetic field above the sample surface can be 
expressed as: 

H(r) = ! ^ 

J sample 


n 


m s — ra s 


av' 


where m s is the magnetization of the sample. The magnetic force experienced 
by the tip can be written as: 


T 1 mag = + m ■ V )H 


5.4.2 Examples of MFM Studies of Molecular Structures 

Much of the interest in MFM is due to the fact that the technique is the only 
magnetic imaging technique providing high lateral resolution (in the range 
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of 10-100 nm) with essentially no special sample preparation requirements. 
This microscopy method enables us to determine the surface uniformity and 
strength of the magnetic media, giving insight into both the performance and 
quality of the magnetic storage media. High-quality images can be taken even 
when the magnetic material is covered with a thin coating, an important fea¬ 
ture when imaging many technologically important samples. A resolution of 
10 nm has been shown on rapidly quenched FeNdB thin films by MFM [5.110]. 

An example can be seen in the observation of the static changes of do¬ 
main configuration in (YGdBi) 3 (GaFe) 5 0 i 2 garnet using MFM in an external 
magnetic field [5.111]. Sequential variations of the magnetic domain configu¬ 
ration in the garnet were observed, and can be associated with the strength 
of the applied field. It has been demonstrated that the undisturbed mag¬ 
netic domain structure can be discerned with a soft magnetic tip. The stray 
field emanating from a hard tip could magnetize the garnet and alter the 
widths of the domain region, an effect that can be minimized by choosing an 
appropriate tip-sample separation. 

In the short period since the first MFM image was obtained in late 1980s, 
the field has grown rapidly. MFM is already a powerful tool for magnetic 
imaging, with many scientific and practical applications [5.109]. Future ad¬ 
vances in MFM include improved tips, matching of tip-sample characteristics, 
and determination of field strengths and domain structure from force gradient 
images. 

Attention has been given to improving the MFM probe performance by re¬ 
ducing the effective magnetic apex dimension. The electron beam deposition 
method produces tips consisting of magnetic particles (fabricated from CoCr 
coating) protected by carbon overlayers [5.112], The use of multiwalled car¬ 
bon nanotubes coated with magnetic material and carbon coatings presents 
another alternative of fabricating MFM tips. Carbon nanotubes capped with 
Fe alloy or NI 3 C particles were shown to be potential candidates for MFM 
tips [5.113], 

5.4.3 Imaging Single Molecule Magnets 

Molecules with paramagnetic transition metal centers have been selected as 
magnetic materials. These species could provide potentials for data stor¬ 
age strategies at single molecule level. A family of molecules exemplified 
by Mni 2 ([Mni 2 0i 2 (0 2 CMe) 16 (H 2 0) 4 ] x 4H 2 0 x 2 MeCOOH) and Fe 8 
([Fe 8 02 ( 0 H) 12 (tacn) 6 ]+ 8 ) has been studied [5.114-5.116]. Due to the weak 
intermolecular interactions between magnetic centers, these species are widely 
used as single molecular magnets (SMM). Monodispersed Mni 2 molecules in 
polycarbonate matrix have also been observed by MFM (Fig. 5.15). The 
polymer film was treated by CH 2 CI 2 vapor to ensure high solubility of Mni 2 
molecules [5.117]. 

A molecular magnet of high-spin polyphenoxyl radicals has been success¬ 
fully synthesized [5.118], The polyradical molecule has a star-shaped struc- 
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Fig. 5.15. Images of Mni 2 complexes prepared with a, b CtUCh/hexane (1:1) and 
c, d CH 2 CI 2 . a and c are topography images, b and d are MFM images recorded 
after retracting the tip 30 nm (extracted from [5.117]) 


ture and displays ferromagnetic behavior, as measured by SQUID magne¬ 
tometer. The molecules are stable in ambient conditions, and the dispersed 
species embedded in a polymer matrix of polystyrene has been studied by 
MFM [5.118], The individually dispersed molecules can be detected by a 
magnetic tip held about 20 nm above the sample surface. Magnetic imag¬ 
ing can be performed for time periods as long as nearly one day before the 
high-spin polyradical molecules become magnetively inactive. 

The complementary development of MFM in the study of single spin 
centers may be worth noting. The recent advance of magnetic resonance 
force microscopy (MRFM) has set the record of detecting single electron 
spins [5.119]. With a force sensitivity of 10“ 18 N, the effect of the interacting 
force between the resonating SmCo magnetic tip (150 nm wide) and the 
electron spins (generated by gamma ray irradiation of the vitreous silica) 
can be detected as a perturbation in the resonance frequency. The frequency 
shift due to a single spin interaction was estimated as on the order of a few 
mHz. Since the magnetic interaction is long range, it was proposed that the 
detectable spins could be embedded as far as 100 nm under the surface. 


5.5 Force Spectrum and Surface Mapping 

5.5.1 Force Spectrum and Imaging 

The core of AFM studies is the understanding of probe-surface interac¬ 
tions. Though available knowledge provides general ideas of this interac¬ 
tion [5.3,5.4,5.120], the microscopic behavior is far from having been thor- 
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oughly clarified. The key factors in determining these forces, such as molec¬ 
ular arrangements, various functional end groups, and adsorption proper¬ 
ties have all been investigated extensively. Adhesions associated with small 
molecules such as water and organic species are important not only for the 
understanding of the adsorbed films, but also for the enhancement of reso¬ 
lution power of AFM, since the hydration force is considered as an essential 
factor in improving the resolution of SPM in ambient and solvent conditions. 

By recording the interacting force between the probe and sample surface 
while changing their separations, one can obtain much information about the 
nature of the probe-surface interaction. This so-called force spectrum has 
been proven to be an effective method to measure probe-sample interactions 
and intermolecular forces [5.121-5.123]. By analyzing the characteristics of 
the force spectra, it is possible to retrieve information concerning the nature 
of the interacting force, such as van der Waals, electrostatic, and elastic forces. 
This information could have far-reaching implications. 

There has been a fast-growing interest in using the force spectrum method 
to probe characteristic interactions between biological species, as well as a 
large variety of organic molecules and polymers. Examples can be found in the 
exploration of the binding strength of cell adhesion proteoglycans from marine 
sponges, which yielded a value of 400 pN, leading to the contention that a 
single pair of molecules could be composed by as many as 1,600 cells [5.124]. 
Using the measured force and binding energies, the effective rupture length 
of avidin-biotin was estimated [5.122]. The technique has also been applied to 
investigate the bonding strength of the base pairs of nucleic acids [5.121] and 
ligand-receptor pairs [5.123]. Force spectrum measurements have also been 
used to study local elastic properties such as in polysaccharide chains [5.125, 
5.126], Adhesion force imaging on intercellular adhesion molecule-covered 
mica surfaces provides a possible method to obtain specific recognition on 
samples such as cell surfaces [5.127], 

It should be noted that surface energy is not the sole factor important in 
adhesion measurements, because other factors such as contact geometry and 
deformations are also crucial in making the technique a quantitative one. 
The Hertzian model for spherical and cylindrical contacts provides a good 
simplification [5.128,5.129], which also points to the necessity to have a reg¬ 
ularly shaped probe. This method is successfully used to study the adhesion 
mapping of various films, including self-assembled films, polymeric films, and 
other surface adsorbates, and is also an important factor in surface frictional 
analysis [5.130,5.131], The precision force measurements have also prompted 
explorations of novel sensory systems that can detect interactions of single 
molecules, an aspect of particular interest to biomaterial studies. 

5.5.2 Chemical Force Microscopy 

It has been demonstrated that by decorating the AFM cantilevers with 
molecules of specific functionalities, additional resolution capabilities could 
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Fig. 5.16. Schematic of force measurements using a chemically modified cantilever 
probe (extracted from [5.3]) 


be obtained. Such efforts extend the functions of regular contact-mode AFM 
and frictional force microscopy, leading to many interesting studies on surface 
compositional analysis at nanometer scale [5.3]. 

The AFM cantilever can be modified by covalently attaching a monolayer 
of functional molecules (Fig. 5.16). The exposed probe surface in this case 
consists of chemically uniform groups. This interaction between the chem¬ 
ically decorated probes and the sample surface can be highly sensitive to 
local chemical compositions and environments, and could be used to differ¬ 
entiate surface regions of different chemical nature but with nearly identical 
topographical features. Applications of this method can be seen in the study 
of, for example, bonding strength between different functional groups, and 
titration effects. This method is also successfully used in surface frictional 
analysis [5.130,5.131] 

Carbon nanotubes have been extensively pursued as scanning probes 
[5.132-5.138]. The nanometer-diameter nanotubes possess novel mechanical 
properties, and can be functionalized at the ends [5.139-5.141]. The high 
aspect ratio of the CNT enables improved resolution of fine surface features. 





6 Intermolecular and Intramolecular 
Interactions 


6.1 Techniques for Studying Intermolecular and 
Intramolecular Interactions 

Throughout the discussions in the preceding chapter, the center of the mech¬ 
anism for topography mapping at nanometer-scale resolution using AFM is 
the proximal interaction between the AFM cantilever and the sample surface. 
The detected force is the summation of forces from different origins, such as 
van der Waals, electrostatic, and magnetic forces. Besides topography imag¬ 
ing, the investigation of intermolecular forces can improve our understanding 
of microscopic phenomena, such as adhesion, friction, and lubrication. In ad¬ 
dition to the force measurements using AFM introduced in the preceding 
chapter, several other detective techniques, such as biomembrane force probe 
(BFP) [6.1-6.5], surface force apparatus (SFA) [6.6-6.8], and optical tweez¬ 
ers [6.9-6.21] have been used to measure intermolecular forces. As will be 
presented below, although these techniques can be applied to investigate in¬ 
termolecular interactions, the capability of high spatial and force resolutions 
is critical to measure discrete molecule-molecule interactions. The surface 
force apparatus is used mainly to study the force interactions between large 
(centimeter scale) areas, is rarely applied for single molecules, and thus will 
not be discussed in this chapter. The BFP and optical tweezers have less 
spring constant than in the case for AFM, thereby providing a complemen¬ 
tary range of force detections. Since the mechanisms of AFM have been given 
in the preceding chapter, we will in this chapter begin with a brief introduc¬ 
tion of techniques other than AFM applied to single molecule force detection. 


6.1.1 Biomembrane Force Probe (BFP) 


The deformation of a capsule membrane has been adapted for studying in¬ 
termolecular interactions under biological conditions. The osmotically pres¬ 
surized capsule (such as a human red blood cell) is immobilized at the open 
end of a micropipet by sucking pressure (Fig. 6.1). A microbead is typically 
used at the opposite end of the capsule for measuring intermolecular interac¬ 
tions [6.2,6.3]. The tension of the membrane surface can be expressed as [6.4]: 


T m 


P-Rp 

2(1 - fe) 


( 6 . 1 ) 
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Fig. 6.1. a Schematic of biomembrane force measurement setup (extracted from 
[6.2]) b Force distribution of the measurement study (extracted from [6.3]) 


where R p and Rq are the radi of the micropipet and capsule, respectively. 
The stiffness can be approximated as: 



T m 



(6.2) 


where rb is the circular radius of the contact between the microbead and the 
capsule. The typical range for the stiffness is 45 pN m -1 to 10 mN m -1 . The 
interacting force can therefore be obtained by measuring the deformation of 
the contacting membrane. By optimizing the displacement detection trans¬ 
ducer, a force range of 0.01 to 10 3 pN can be achieved with this technique. 


6.1.2 Optical Tweezers 

Optical tweezers are constructed from a heavily focused laser beam. A dielec¬ 
tric particle experiences strongly enhanced interaction in the vicinity of the 
focal regions, with the dimension of diffraction limit. The interacting forces 
originating from scattering, field gradient, and radiometric effects are the con¬ 
tributing factors in stabilizing the particles. Particles with diameters much 
larger than the wavelength (Mie regime) or much smaller than the optical 
wavelength (Rayleigh regime) can be effectively trapped in TEMoo mode. 

For metallic and dielectric particles "with diameters larger than irradiation 
wavelengths, the estimate of the force exerted by the laser beam can be 
obtained by the geometric optic method [6.9-6.11] and electromagnetic wave 
formalism [6.12-6.14]. The theoretical analysis pointed to an optical potential 
well that causes a radial inward force on the high-index particles. A multiple- 
beam configuration can therefore be an effective method to trap particles 
with micron or submicron diameters in their free standing state, and is widely 
adopted in optical tweezers experiments. In addition, trapping of biological 
structures has also been successfully demonstrated [6.15-6.19]. 

For Rayleigh particles (radius r much less than the wavelength), the sta¬ 
bilizing force within the medium (with index rib) can be expressed in the 



Techniques for Studying Intermolecular and Intramolecular Interactions 133 


514.5 nm Light 



Fig. 6.2. Schematic of particle trapping in optical tweezers setup (extracted from 
[ 6 - 20 ]) 


following [6.20]: 
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(6.4) 


where /o is the beam intensity with wavelength A, and m the effective index 
of the particle (for example, latex (polystyrene) or silica). Figure 6.2 shows 
schematically the particle trapping by a single laser beam [6.20]. 

The stability of the trapped particle is measured by the ratio of the back- 
scattered axial gradient force to the forward-scattering force. Under the ap¬ 
proximation of a Gaussian beam with focal spot width Wq and the position 
for maximum axial intensity gradient at z = ttwq /\/3A, the condition for the 
ratio of stabilization can be as: 


^grad _ 3\/3 A D > i 

F, cat 64?r 5 (2j|^l)r 3 tog “ 


(6.5) 


The above condition applies to particles with radius range r < 0.1 A. The 
other requirement for stabilization is that the thermal diffusion of the particle 
should be within the limit exp(— U/kT) < 1, where U = n^aE 2 /2 is the 
potential of the gradient force. The typical lasers used are Nd:YAG, argon-ion, 
or diode lasers. The gradient force is the dominant factor and is proportional 
to the polarizability of the particles. It was also shown that metallic Rayleigh 
particles (such as gold) can also be effectively trapped [6.21]. 

Other force detection techniques, such as the magnetic bead method using- 
ferromagnetic or paramagnetic beads, have also be adapted to study inter¬ 
molecular forces [6.5], A force on the order of piconewton has been obtained 
using a paramagnetic microbead. 
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6.2 Static Force Measurements of Single Molecules 

A straightforward force measurement can be performed using the above tech¬ 
niques to measure the interaction between the matching surfaces. The experi¬ 
mental realization of single molecule resolution may be obtained by controlled 
attachment of species to the detection surfaces. 

6.2.1 Single Bond Interaction 

Force spectrum studies can be performed by chemically attaching molecules 
at the tip and substrate surface, either by direct attachment or via a tether 
molecule, as described briefly at the end of the preceding chapter. By control¬ 
ling the tip-sample separation, and recording the interacting force simultane¬ 
ously, the magnitude of interactions can be obtained. This is a direct approach 
to gain insight into intermolecular and intramolecular interactions. Measure¬ 
ments of rupture force are reflected in intermolecular interactions, ligand- 
receptor chemical bonding, etc. The elasticity of polymeric and biomolecules 
presents opportunities to individually assess the mechanical response of these 
molecules, which is closely related to their internal structures. By studying 
the force spectra, one can correlate elastic behavior to the conformational 
transitions. Findings such as the enforced unfolding of polymeric molecules 
have opened a new field in dynamic force spectroscopy. 

Three main methods can be used to derive individual bond-rupture forces. 
The first, or so-called force quantum method, involves a histogram of pull- 
off force differences between pairs for large numbers of measurements. The 
histogram exhibits a peak progression, the spacing of which can be regarded 
as the force required to break a single interaction. Hoh et al. [6.22] detected 
a quantized magnitude distribution in adhesive forces (Fig. 6.3), and the 
quantum of the force was assigned to a single hydrogen bond. This method 
requires a large number of force curves, and this may cause sample damage 
due to repetitive contact with the tip. The second approach is related to 
Johnson-Kendall-Roberts (JKR) theory [6.23], which can also be used to 
determine single-bond rupture forces if surface energies and tip radii are 
known [6.24], 

The third approach utilizes Poisson statistics, a statistical method adopted 
by Beebe et al. [6.25-6.27] to deduce the single-bond force between the tip 
and substrate, modified with self-assembled monolayers terminating in var¬ 
ious functional groups. The validity of this method has been demonstrated 
in the recent literature [6.25—6.28]. Moreover, van der Vegte et al. [6.24] have 
proved that this approach and the JKR theory are equivalent in deriving 
single-bond forces. The Poisson statistics method requires no assumptions 
about the surface energies or contact areas between the tip and sample sur¬ 
face. It is also not limited by the force resolution of the instrument, and 
the number of measurements required to derive the individual bond forces is 
significantly lower than that required by the former two methods. 
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Fig. 6.3. Histogram of the measured adhesion force between an AFM tip and glass 
surface under water. The force quantum of 12 pN was attributed to the hydrogen 
bonds established during contact (extracted from [6.22]) 

There are two assumptions in this approach [6.25]. The first is that the 
total adhesion force (F) develops as the sum of any possible discrete chemical 
bond and any possible non-covalent bond interaction, such as the hydrogen 
bond and van der Waals force. The second assumption is that these bonds 
form randomly and all have similar force values (iy). With the assumption 
of integer numbers of interacting bonds at the pull-off point, the Poisson 
distribution can be used for the estimation 

P(n) =-— exp(—n av ) 

n! 

and the standard deviation 

o s = n av 

where n av is the average number of interacting bonds. The total adhesion 
force F av can be expressed as: 

F av = rtayFi + F 0 (6.6) 

where Fj is the single-bond force, and Fo the non-specific interaction. The 
standard deviation of the adhesion force is: 

= i°nFi) 2 = n av F 2 = F av F* - FiF 0 

Therefore, the plot of versus F av yields the F t as the slope, and F % Fq as 
the intercept. 

Several SAM systems terminated with different functional groups have 
been studied by this method. A single-bond force of 181 ± 35 pN was obtained 
for one OH-OH group pair in water medium [6.25], Figure 6.4 presents an 
example of single-bond interaction between amino-terminated self-assembled 
organosilane monolayers based on atomic force microscopy [6.28]. The plot 
shows the force variance versus the mean force. Fitting these points with a 
linear regression, results in a slope of 200.0 ± 43.6 pN (ascribed to the single- 
bond force) and a small intercept. The nominal intercept implies that any 
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Mean force F av (nN) 

Fig. 6.4. Linear dependence of variance on the mean force between NH 2 -NH 2 
groups yielding the slope as the single bond interaction force (extracted from [6.28]) 


non-specific forces in our measurements can be neglected. According to the 
description in Poisson statistics analysis, the interaction between one NH 2 - 
NH 2 pair is regarded as an individual bond, and Poisson statistics are used to 
describe the distribution of a discrete number of interacting NH 2 -NH 2 pairs 
during a set of force measurements. Therefore, the so-called single-bond force 
extracted from the Poisson statistical analysis is not a single interaction but 
rather an average value of overall interaction between a single group pair. 
The “overall’’ interaction is a sum of several forces, including any covalent 
chemical bonds and non-covalent interactions such as hydrogen bond and 
van der Waals forces. For the NH 2 —NH 2 system in this example, there is no 
formation of chemical bonds, so the extracted single-bond force is equal to 
the summation of the hydrogen bond and van der Waals forces. 

For contact-mode AFM, the total amount of force exerted on a sample 
comes from two sources - the cantilever spring force, and any adhesion force 
between the tip and sample. These two factors represent a total tracking 
force, which is the sum of capillary force, molecular interactions (e.g., hydro¬ 
gen bond, van der Waals interaction), and applied load. To investigate the 
single-bond force between the tip and silicon substrate covered with SAMs, 
the measurements are preferably carried out in water, rather than in air to 
eliminate capillary force. 

Direct measurement of hydrogen bonding between DNA base pairs was 
tested using molecular-decorated AFM tips and Au(lll) surfaces covered 
with nucleotides [6.29]. The nucleotide molecules were assembled on Au(lll) 
surfaces with an “edge-on” orientation that would allow the formation of hy¬ 
drogen bonds between complementary base pairs decorated on the tip and 
sample surface, respectively. A quantized statistical distribution in the ade¬ 
nine (tip) and thymine interactions led to the result of 54 pN per A—T pair. 
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Fig. 6.5. Histogram of A-T interactions with a force quantum of about 54 pN, 
possibly clue to the single A-T pair interaction (extracted from [6.30]) 


Sequence-specific interaction between the complementary oligonucleotides 
ACTG 5 and CAGT 5 was obtained with the force spectrum method [6.30]. 
The effect of interchain interactions on the extension spectrum of homopoly¬ 
mer [poly(I)] was analyzed using the freely jointed chain model. Unzipping 
double helix structure of single molecule DNA was realized by attaching the 
DNA molecule between the glass substrate and a polystyrene bead [6.31]. A 
glass micronccdlc was connected to the microbcad and used in this case as a 
force sensor in the range of piconewton. The unzipping of the helical struc¬ 
ture revealed a sawtooth pattern that is consistent with statistical mechanics 
simulations (Fig. 6.5). The results also indicated that molecular stick-slip 
motion during opening is an equilibrium process. 

Direct measurement of Si—Si bond strength was achieved by using a non- 
contact AFM. The data revealed differences among adatoms in the Si(lll) 
7x7 unit cell interacting with the Si tip [6.32], 

Single-bond strength can also be measured from the detachment of long- 
chain molecules from support surfaces. One such study was performed by 
stretching polysaccharide (amylose) molecules covalently anchored to amino 
group-decorated silicon oxide surfaces [6.33], During the stretching process, 
multiple force peaks appeared prior to the final rupture of the molecular 
bridge between the tip and sample. Such peaks can be attributed to the de¬ 
tachment of the flat-lying segments of the amylose molecule from the silicon 
surface, likely through S-C bonds. Thus, the rupture force for the Si-C bond 
was inferred to be 2.0 ± 0.3 nN. In a similar way, the detachment of amy¬ 
lose molecules anchored between an aminothiol-modified gold surface and the 
AFM tip showed a rupture force of 1.4 ± 0.3 11 N. From molecular dynamics 
simulations on the pulling process involving a single thiolate molecule ad¬ 
sorbed on a gold surface, the sulfur-gold chemical bond was found to be not 
preferentially broken at first. The rupture force of Au-Au bond (or abstrac- 
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Fig. 6.6. a Histogram and b autocorrelation function of the adhesion force of the 
TMPD-TCNQ complex (extracted from [6.36]) 


tion of Au atoms) was estimated as 1.2 nN [6.34], which is consistent with 
the above-mentioned experimental value. 

A considerably lower force value for thiol—Au complex abstraction was 
reported, by adopting the configuration of chemical force microscopy under 
solvent conditions [6.35]. The rupture force of thiol terminal groups from Au- 
coated tips has been measured with a force quantum of about 0.1 nN in the 
histogram of rupture force. The reduced force magnitude was argued to be 
associated with the weakening of intermetallic bonding due to chemisorption 
of thiol groups. In addition, solvent conditions were observed to significantly 
affect the measured rupture force. A factor of 7 difference in average rup¬ 
ture forces was identified for Au/S-acetate and Au/O-acetate contacts under 
ethanol, whereas no appreciable difference was obtained under water. This 
difference has been ascribed to the variation of interfacial energy under sol¬ 
vent conditions. These studies suggest that multiple factors are involved in 
the atomistic rupturing process. 

The interaction between single pairs of the charge-transfer complex of 
N,N,N’N’-tetramethyl-phenylenediamine (TMPD, electron donor), and 
7,7,8,8-tetracyanoquinodimethane (TCNQ, electron acceptor) was determined 
as 70 ± 15 pN from the discrete-shaped histograms and autocorrelation func¬ 
tion (Fig. 6.6), leading to a value of 4—5 kJ mol -1 for the single-bond en¬ 
ergy [6.36]. 
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With a hybrid molecular simulation method, the adhesion and fric¬ 
tion characteristics between the chemically modified tip and sample have 
been analyzed, showing good agreement with experimental results [6.37], 
The atomistic molecular dynamics simulations on the interaction between 
an alkylthiolate-decorated tip and substrate surface favored the Johnson- 
Kendall-Roberts model, compared with the Derjaguin-Muller-Toporov model 
and Hertz model [6.38], 

6.2.2 Single Pair Ligand—Receptor Interactions 

Applications of force spectroscopy measurements in molecular recognition by 
studying the binding process of a ligand molecule to a receptor protein have 
been actively pursued [6.39]. Such studies could help reveal specific inter¬ 
actions accompaning molecular recognition processes. The elastic behavior 
of polymers and biomolecules is a reflection of intramolecular interactions, 
and the structural transformations induced by external force. Applications 
to study the folding and unfolding processes of proteins are illuminating. 

It was demonstrated that in order to measure the rupture force between 
antigen and antibody molecules, a flexible spacer between the sensor molecule 
and the tip is desirable [6.40]. This is because antigen-antibody interactions 
are highly site-specific, and a certain mobility of the pairing molecules would 
be beneficial to establish such interactions. An example is shown in Fig. 6.7, 
between an antigen (human serum albumin, HSA) and antibody (affinity- 
purified polyclonal anti-HSA antibody). The sensor molecule of HSA an¬ 
tibody was anchored to the AFM tip through polyethylene glycol (PEG) 
derivative (8 nm long). The antigen molecules were adsorbed to a mica sur¬ 
face through the same spacer molecule. There are two binding sites for the 
antibody, and the single spectrum peak obtained indicated that only one of 
these two possible binding sites is effective in the binding-unbinding process. 
The measured antigen-antibody unbinding force is 244 ± 22 pN. It was also 
observed that the asymmetry in coupling of the antigen (antibody) molecules 
to the spacer molecules does not affect the measured unbinding force. 

Site-specific antigen-antibody interactions were shown to be helpful in 
developing new topographic mapping methods. In a study of lysozyme 



Fig. 6.7. Distribution of the measured a unbinding force and b sensor length of 
single antigen-antibody pairs (extracted from [6.40]) 
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molecules adsorbed on mica surface, a half-antibody-modified tip (cf. flexible 
tether molecule) was used. The dynamic force microscope was operated with 
the magnetically driven oscillating cantilever under buffer solution. A well- 
resolved distribution of lysozyme molecules was obtained using the sensor¬ 
decorated tip [6.41], By contrast, the characteristic features of the antigen 
molecules could not be observed with an unmodified tip. It was pointed out 
that the measured width of the lysozyme molecules was broadened by the 
length of the tether molecule and the width of the sensor molecule. A force 
quantum of 60 pN was observed between biotinylated bovin serum albumin 
(BBSA) and polyclonal, biotin-directed IgG antibodies [6.42]. In this case, 
the biotin was connected to bovin serum albumin (BSA) through a 2.24-nm 
spacer molecule to reduce the influence of conformational change, steric hin¬ 
drance and orientation. The interacting force between a single biotin-avidin 
pair was determined as 160 ± 20 pN from histograms and the autocorrelation 
function of adhesion force measurements [6.43]. The tip was modified by BSA 
based on non-specific adsorption followed by attachment of avidin. 

The rupture force between wild-type and mutant antiboby single-chain Fv 
fragments (scFv) with the antigen fluorescein (connected to the tip by means 
of a tether molecule of polyethylene glycol) was obtained and displayed a 
discernible difference (50 ± 4 to 40 ± 3 pN) [6.44]. 

The interaction between cell adhesion molecules was studied under bio¬ 
logical conditions using the model system of cell adhesion proteoglycan (AP) 
of the marine sponge Microciona prolifera, based on the AFM force spec¬ 
trum method [6.45]. An average interacting force of 125 pN was determined 
at 10 mM Ca 2 " 1 ", with a maximum force around 400 pN for individual AP— 
AP pairs, and was ascribed to the binding between three and 10 pairs of AP 
arms. 

Carbon nanotubes (CNT) decorated with carboxy groups were shown to 
be capable of resolving CH 3 - and COOH- terminated regions based on phase 
contrast in tapping AFM operation [6.46], The COOH- functionalized CNTs 
could also be attached to 5-(biotinamido)pentylamine and used to interact 
with streptavitin-covered surfaces (Fig. 6 . 8 ). A characteristic force quantum 
of about 200 pN was identified as the biotin-streptavitin interaction [6.46]. 

Theoretical analysis on mechanisms of the rupturing process of ligand- 
receptor complexes under external force has been carried out, the results 
suggesting a multiple unbinding step behavior, and that the environment 
can play an important role in this respect [6.47]. 

The measured adhesive force for single pairs of ligands (biotin, iminobi- 
otin, or desthiobiotin) and receptors (avidin or streptavidin) was found to 
correlate linearly with the corresponding enthalpy change of the unbinding 
of the complexes but was independent of the free energy [6.48]. This observa¬ 
tion suggests that the unbinding process is adiabatic, and the entropy change 
becomes relevant after unbinding. In addition, adhesion force mapping of in¬ 
tercellular adhesion molecule-covered mica surfaces was shown as a possible 
method to obtain specific recognitions on surfaces such as cells [6.49], 
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Fig. 6.8. a , b Unbinding force measurement using a biotin-decorated CNT tip and 
streptaviclin. The histograms in c show the unbinding individual pairs of biotin- 
streptavitin with two different tips (extracted from [6.46]) 


6.2.3 Guest—Host Interactions 


Direct measurement of guest-host interactions in / 3 -cyclodextrin/ferrocene 
complexes has been performed [6.50], The cyclodextrin molecule has a 
cyclic ring-like structure and these were assembled on Au(lll) surfaces 
through thiol groups in substituent segments. The cavities of the cyclodextrin 
molecules can have specific interactions with apolar species, such as ferrocene, 
adamantane, and l-anilinonaphthalene -8 sulfonic acid ( 1 , 8 -ANS), to form 
guest-host complexes in aqueous environments. In this case, the 6 -ferrocenyl- 
hexanethiol was coadsorbed with 2 -hydroxyl-ethanethiol to the gold-coated 
AFM probe. The concentration of the mixed SAM was calibrated to expose 
about 14-28 ferrocene terminals at the apex of the tip of radius 100 nm. 
The measured force-distance spectra show multiple peaks corresponding to 
consecutive breaking of the guest-host complexes. The distribution of the 
rupture force is given in Fig. 6.9. By using the autocorrelation function de- 
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Fig. 6.9. a Histogram of unbinding force for a hydroxyl-ferrocene-moclified tip 
and SAM of /3-CD surface, b Corresponding autocorrelation function (extracted 
from [6.50]) 
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the maxima of the force correlation function appear at multiples of 56 ± 
10 pN, indicative of single guest-host pair interactions. The force distribu¬ 
tion has a characteristic multiple-peak feature possibly due to the finite tip 
curvature or the granular nature of metal coating that leads to multiple pull- 
off events. 

As a control experiment, another guest agent (1,8-ANS) was introduced 
into the solution, leading to the disappearance of most of the discrete features 
in the force spectrum. This is clear evidence that the cavities of /3-cvclodextrin 
have been filled by the guest agent (1,8-ANS), leaving no accessible sites for 
the ferrocenes attached to the AFM probe. The discrete force distribution 
characteristics was seen to assume after the blocking agent was washed off. 

6.2.4 Desorption of Single Molecules at Interfaces 

The desorption forces of poly(4-vinylpyridine) (PVP) on surfaces modified 
with hydroxy or amino groups were measured [6.51]. The characteristic saw- 
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Fig. 6.10. a AFM image of the inner surface of an HPI layer ancl b the force 
spectrum. The six peaks in the spectrum represent sequential removal of individual 
protomers. c The image after removal of an HPI protein molecule, d and e are 
the statistics of the total stretching length and rupture force required for removing 
individual protomers. f is the distribution of the stretching distance between events 
of single protomer removals (extracted from [6.52]) 


tooth-likc rupture behavior of the single molecule stretching operation was 
correlated with the desorption of the polymer segments. The statistically 
obtained desorption force of individual polymer segments is 180 ± 20 pN 
on amino-terminated surfaces. This value was slightly higher on hydroxy- 
terminated surfaces than that of the amino-terminated surfaces, due to the 
higher hydrogen bond interaction strength between pyridine and hydroxy 
groups compared to that of amino groups. The magnitude of the desorption 
force was also shown to be dependent on the solvent, by affecting the hydrogen 
bond interaction between pyridine and terminal groups (hydroxy or amino) 
on the surface. 

An example of detaching biomolecules from mica surfaces can be seen 
in a study of hexagonally packed intermediate (HPI) layers consisting of 
Deinococcus radiodurans. Each HPI protein contains six units of protomers, 
and the protein has two different surfaces. The outer surface, the close-packed 
HPI layer, is hydrophilic and adsorbs directly to the mica surface whereas the 
inner surface is hydrophobic and exposed to the environment. The imaging 
of these two protein surfaces can be observed with different imaging forces 
[6.52]. In addition, individual protomers can be removed from the HPI layer 
during force spectra measurements (Fig. 6.10). The force extension spectrum 
indicates that the protomers were removed sequentially. The required force for 
the removal of single protomers was statistically measured at around 300 pN, 
with a characteristic saw-tooth pattern in the force-distance spectrum. The 
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stretching distance for removing an individual unit of protomer is 7.3 ± 
1.6 nm, which implies a flexible polypeptide linkage between the protomers. 

The above examples provide a qualitative measure of the adhesion strength 
for polymers and biomolecules at functionalized interfaces, and hopefully 
could develop into a quantitative characterization technique, particularly in 
benign environments such as under ambient and aqueous conditions. 


6.3 Intramolecular Interactions of Single Molecules 

The mechanical properties of single polymeric molecules and biomolecules can 
provide vital insight into intramolecular interactions. There are a number of 
factors, such as structural conformation and environmental conditions, which 
can appreciably affect the characteristics of intramolecular interactions. Force 
measurements at single molecule level present a unique opportunity to look 
into the physical and chemical nature of such interactions. 

6.3.1 Elasticity of DNA Molecules 

The forced extension characteristics of double-stranded DNA have been 
demonstrated using optical fiber as a force sensor [6.53], optical tweezers 
[6.54], and the receding meniscus method [6.55]. A coherent transformation 
represented by the base-pair spacing change has been identified at an ex¬ 
ternal force of around 70 pN. In addition, the stretching of single-stranded 

O 

DNA (ssDNA) resulted in an estimated persistence length of 7.5 A [6.54]. 
Two typical regimes have been reported to describe the mechanical prop¬ 
erties of DNA molecules. The entropic regime is associated thermal energy, 
and the elastic regime is due to base-pair interactions. In addition, for double- 
stranded DNAs, an overstreching transition will occur at high loading force. 

The stretching of poly(dG-dC) and poly(dA-dT) molecules revealed a 
sequence-dependent behavior [6.56], The transitions of B-type to over¬ 
stretched configuration (S), and eventually melting are evident in the forced 
unzipping process. The typical force for melting transition of A-DNA has been 
measured at around 150 pN. The stretching forces required for these transi¬ 
tions are lower in the case of poly(dA-dT), compared to poly(dG-dC). Note 
that in Fig. 6.11a the B-S transition is at 65 pN and the melting transition 
at 300 pN, whereas in Fig. 6.11b the B-S transition is around 35 pN and 
no distinct melting transition can be seen. Based on the hairpin formation 
during zipping/unzipping cycles, the unbinding forces for G-C and A-T pairs 
are estimated as 20 ± 3 and 9 ± 3 pN, respectively. 

A combined setup of optical tweezers and AFM has been demonstrated 
for studying DNA stretching (Fig. 6.12) [6.57]. A microbead (latex spheres) 
was first attached with single DNA molecules, manipulated by the optical 
tweezers toward, and grafted onto the AFM cantilever by laser heating. This 
setup can extend the measurement range of unfolding force from that of 
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Fig. 6.11. The force spectra for DNA molecules with sequence of a poly(clG-clC) 
and b poly(dA-dT) (extracted from [6.56]) 
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Fig. 6.12. Schematics of the process of combined stretching of DNA molecules 
using optical tweezers and AFM (extracted from [6.57]) 


optical tweezers (0-15 pN) to that of AFM cantilevers (100s pN and higher) 
(Fig. 6.13). 

Enhanced force spectra resolution can be achieved by analyzing the 
thermal fluctuation of beads that are connected to single DNA molecules. 
The analysis was performed using dual beam optical tweezers. The time- 
dependent autocorrelation and cross-correlation function of thermal fluctua¬ 
tion of bead positions enabled quantitative determination of the longitudinal 
and transverse spring constants and friction coefficients of DNA molecules 
at various extension ratios (74% - 92%) [6.58]. The friction coefficients were 
found independent on extension ratios, with a ratio of 2.28 between transverse 
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Fig. 6.13. Force spectrum of DNA extension measured by AFM; the filled circles 
represent fitted results using the WLC model (dotted line). There are two stages 
of the extension spectrum representing the entropic (lower force load) and elastic 
(higher load) regimes. The inset presents the force derivative versus relative ex¬ 
tension showing the position of the transition between the entropic regime to the 
elastic regime (extracted from [6.57]) 


and longitudinal coefficients. The spring constants arc also highly anisotropic, 
and show appreciable dependence on extensions, especially for the longitu¬ 
dinal spring constant that varies from 0.2 pNpm -1 at 74% extension to 
4.7 pNpin -1 at 92% extension. 

Simulation studies based on entropic considerations pointed out that the 
freely jointed chain (FJC) model can fit the dsDNA extension spectra at low 
force, whereas the warm-like-chain model (WLC) can generate consistent fit¬ 
ting in most of the experimental range (Fig. 6.14) [6.59], Stretching-induced 
conformational changes have also been simulated by using the molecular dy¬ 
namics method [6.60], It was suggested that most of the hydrogen-bonded 
base pairs remained intact while a sudden change in length occurs at a thresh¬ 
old force that corresponds to the B-state to S-state transformation [6.60], 

The stretching of single-stranded DNA was studied with the magnetic 
bead method and optical tweezers [6.54,6.61]. Theoretical simulation of the 
extension spectra using the FJC model suggests effects from the intrinsic 
elasticity of the segments [6.54,6.62], pairing interactions with hairpin struc¬ 
tures [6.63], and electrostatic self-avoiding interactions due to the phosphate 
backbone [6.64]. 

The tension applied to DNA molecules was shown to affect the repli¬ 
cation activity of T7 DNA polymerase (DNAp). The study was performed 
with a DNA molecule that had both double-stranded (dsDNA) and single- 
stranded (ssDNA) sections [6.65]. The DNA molecule was extended between 
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Fig. 6.14. Comparison of simulation results using different models with the exten¬ 
sion spectrum of dsDNA (extracted from [6.59]) 


microbcads held by a pipette and optical tweezers, respectively. The activity 
of T7 DNA polymerase was observed as a change in overall length under 
constant tension. Due to the different length for ssDNA and dsDNA under 
the same tension, the variation of the measured overall length was directly 
related to the progress of DNAp. A burst behavior was observed during the 
progressing of DNAp. It was found that the replication rate depended on 
the tension applied to the DNA molecule. In addition, activities of DNAp 
were found to switch between exnucleolysis and polymerization at around 
34 pN. The results suggest that single molecule techniques can be applied to 
investigate the mechanochemistry of DNA polymerase processes. 

The presence of cations is known to induce DNA condensations, or tran¬ 
sition from extended to coiled and globule states. The force spectrum of the 
DNA molecules under the influence of spermidine, a trivalent cation, mea¬ 
sured by dual optical tweezers revealed a characteristic stick release length of 
about 300 nm [6.66]. This was attributed to the spermidine-induced super- 
coiling that was relaxed under the pulling force. 

The uncoiling process of DNA molecules under the influence of type II 
DNA topoisomerases has been investigated with the magnetic bead method 
[6.67]. The DNA molecules are stretched and twisted to form supercoiled 
structures. The addition of topoisomerases II in the absence of ATP serves 
to stabilize the coils. The supercoiled DNA will uncoil in a stepwise manner 
when ATP is added. As a result, the overall length of the DNA will increase by 
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steps equivalent to two supercoils. The turnover rate of the uncoiling process 
was found to depend monotonically on the ATP concentration. However, a 
decrease in turnover rate was observed with increasing tension applied to the 
DNA. The latter effect was attributed to an inhibitory effect of enzymes on 
the force. 

In another study, it was found that both positively and negatively su- 
percoiled DNAs display similar extension spectra [6.68], For high degrees of 
supercoiling, the positively supercoiled DNA becomes more difficult to stretch 
than the negatively supercoiled DNA. 


6.3.2 Folding and Refolding of Single Protein Molecules 

In addition to stretching DNA molecules, the force spectrum method has 
been actively pursued as a direct approach to study the folding and unfolding 
processes of protein molecules. 

Folding/unfolding processes of the extracellular matrix protein of human 
tenascin-C have been studied with an AFM in force spectrum operation mode. 
The force-distance spectra displayed equally spaced peaks in the stretching 
process, corresponding to FN-III domains stretched to 90% of their maximum 
length (based on the assumption that each amino acid contributes 0.38 nm 
to the overall contour length) (Fig. 6.15) [6.69]. The average force that each 
FN-III domain could sustain is about 137 pN. Pulling rate was also found to 
affect the measured unfolding force. The details of the extension spectrum 
can be nicely fitted by the warm-like-chain (WLC) model. The relaxation, 
or refolding, of the protein tenascin-C was monotonic. Similar results for the 
unfolding process have been observed for the recombinant proteins TNfnALL 
and TNfnA-D. A more complicated refolding behavior was identified for the 
TNfnALL protein, in which the FN-III domains do not renature at the same 
rate [6.69]. 

The unfolding process of the polymeric 127 protein has been analyzed 
with the force spectrum method. The protein consists of eight tandem re¬ 
peats of single domains, manifested as a clearly saw-tooth pattern in the 
force-extension spectrum [6.70], It was found that the unfolding is triggered 
by a 2.5-A extension according to Monte Carlo simulation, and the refolding 
proceeds exponentially with time. Titin molecules were unfolded by using op¬ 
tical tweezers, and a characteristic stepwise pattern was observed in the force- 
extension spectrum as a result of the relaxation of constituent domains [6.71]. 
Force spectrum studies on single protein molecules of titin illustrate the de¬ 
tails of the unfolding process [6.72], The restoring force displayed appreciable 
step-like patterns. The modulation of stretching force was attributed to the 
unfolding of immunoglobin (Ig)-like domains. It should be noted that the 
unfolding process always begins with the weakest domain. By fitting the ex¬ 
tension feature corresponding to individual Ig domains with the WLC model, 
a persistence length of 0.4 nm and contour length of 28-29 nm were obtained. 
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Fig. 6.15. (a) Molecule structure of a subunit of native tenascin hexabrachion. (b) 
Typical force-extension spectrum (extracted from [6.69]) 


Force spectrum studies on folding-unfolding processes of polymeric T4 
lysozyme molecules resulted in a similar behavior as that described above for 
other protein molecules (Fig. 6.16) [6.73]. The persistence length obtained 
from the WLC model fitting is 0.65 ± 0.25 nm. In addition, a lower unfolding 
force and higher refolding efficiency, compared to titin molecules, have been 
observed. This could be associated with the structural difference between T4 
lysozyme (a-helical) and titin (predominantly /3-sheet structures). 

Unfolding of individual membrane protein molecules of bacteriorhodopsin 
(BR) was achieved by attaching the molecules to the AFM tip at the cyto- 
plastic COOH terminus. The measured force spectra revealed that the helices 
contained in the protein can be associated with different unfolding charac¬ 
teristics in the force range of 100-200 pN [6.74]. 

Bustamante et al. [6.75] attached titin filaments to latex beads and used 
optical tweezers to study the clastic behavior. It was found that the force- 
extension curve can be better described with the warm-like-chain model, 

O 

yielding a persistence length of 20 A. Significant hysteresis in stretch-release 
cycles was observed when the force load rate is higher than the presumed 
rate for unfolding and refolding of the titin molecule. 

6.3.3 Stretching Other Biomolecules 

The modulus of the peptide cysteine 3 -lysine 30 -cysteine (C 3 -K 3 o~C) in buffer 
solution was obtained by AFM (Fig. 6.17) [6.76], The peptide molecules were 
connected to gold film on a mica support and a gold-coated tip. The connec¬ 
tion was established utilizing the thiol group of the cysteine terminal. The 
AFM was operated in force modulation mode by magnetically controlled can¬ 
tilever, through a magnetic particle attached to the back of the cantilever. The 
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Fig. 6.16. Force spectra of single T4 lysozyme molecules, a In lOx PBS solution 
(1,260 mM NaCl, 72 mM Na 2 HPC> 4 , 30 mM NaEhPC^, adjusted to pH 7.0 with 
HC1). b Fitting results using the WLC model for the stretching part of the force 
spectrum; c Force spectrum in a solution of 1 M GuHCl (extracted from [6.73]) 


longitudinal Young’s modulus for the a-helix (1.2 ± 0.3 GPa) and elongated 
backbone (50 ± 15 GPa) were obtained from the force-distance spectra [6.76], 

A similar experiment was performed to open up single DNA molecules 
attached with a DNA-binding protein BsoBI or Xhol [6.77], In this work, 
the DNA molecules were attached between a glass substrate and an optically 
trapped microbead. The pulling was performed by moving the glass substrate 
while the force was recorded from the microbead movements. The presence of 
the single protein molecule was manifested in a surge of measured force, as the 
unzipping event proceeded to the protein binding site. The disruption force 
associated with protein-DNA binding was found to depend on the pulling 
rate, and also the binding sites, which could enable the study of site-specific 
interactions between DNA and proteins. 

The stretching of long-chain molecules has the advantage of minimizing 
non-specific interactions between the tip and sample surface because these are 
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Fig. 6.17. a Force spectrum (dashed line ) and corresponding stiffness (solid line ) of 
the C 3 K 30 C pept ide, b Schematics of various stages of the pulling process (extracted 
from [6.76]) 


kept apart by a molecular bridge. Connecting the tip to the target molecule 
is typically by pressing the tip to the adsorbate-covered surface with a force 
of a few nN for a few seconds [6.78]. The nature of the connection should 
be covalent in order to sustain a high stretching force, usually on the order 
of nN. 

For molecules of short length, the interference of non-specific interaction 
may be pronounced. Improvements have been demonstrated by introducing 
tether molecules (molecular spacers) or working under vacuum or liquid con¬ 
ditions. In the case of molecular spacers, the measured rupture force can be 
modified as a result of bonding configuration, and the force resolution may 
also be reduced [6.79,6.80]. 
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6.3.4 Polysaccharides 

The deformation of polysacchrides has been investigated since the early stage 
of force spectrum experiments. Dextran filaments were bound to gold sur¬ 
faces by means of epoxy-alkanethiols, and were activated with carboxymethyl 
group per glucose unit. As a result, the dextrans could be connected to strep- 
tavidin. The force spectrum reveals a two-stage behavior, namely, an cntropic 

O 

clastic regime at low stretching force with a 6-A Kuhn length, and a struc¬ 
tural transition at higher force. The structural transition at high force can 
be characterized by the twist of bond angles [6.81]. 



(?) Hapirin 

Fig. 6.18. Molecular structures of a carboxymethyl amylose (CM-amylose); b car- 
boxy methyl cellose (CM-cellose); c heparin (extracted from [6.82]) 
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Fig. 6.19. Force spectrum of CM-amylose a with different contour lengths and 
b the overlapped spectrum (extracted from [6.82]) 


The force spectrum of CM-amylose resulted in a persistence length of 
0.54 nm based upon WLC model simulation [6.82]. The first plateau in 
the force-extension spectrum is typical for entropy-driven elastic regimes 
(Figs. 6.18, 6.19). Further elongation (reflected in increased stiffness) can 
be ascribed to the conformational transition of chair-twist type, and could 
be a characteristic feature for the compounds. 

A study of carrageenan polysaccharides of indicated that force spectrum 
characteristics are sensitive to the environment [6.83]. Whereas native car¬ 
rageenan displays typical extension spectra that can be satisfactorily de¬ 
scribed by the freely jointed chain (FJC) model, the addition of salt (0.1 M 
Nal) led to the appearance of additional features assigned to coil-to-helix 
transition. The two-state Monte Carlo simulation model was proposed to ac¬ 
count for the extension behavior of both the polysaccharide dextran and the 
titin protein [6.84]. 


6.3.5 Other Polymers 

A polymer containing azobenzene units and polypeptide backbone was shown 
to display substantially different force spectrum characteristics when excited 
to the extended state or relaxed state. A switching behavior was observed 
in association with the transition between cis and trans states of azoben- 
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zene [6.85]. An optical-driven weight-lifting molecular machine was proposed, 
based on the mechanical switching behavior of the polymer. 

A polyelectrolyte molecule of polyvinylamine (PVA) was subjected to 
force spectrum analysis in varying salt concentrations (5-100 mM NaCl) 
[6.86], The persistence length for single polyelectrolyte chains was derived 
by fitting the force-extension curves with the warm-like-chain (WLC) model. 
The results indicate that the electrostatic effect due to the ionic environment 
is not significant for molecules under high mechanical stress. This is in con¬ 
trast to the general knowledge for polymers in mechanically relaxed state. 
The detachment force of the polymer from silica surfaces showed good cor¬ 
relation with salt concentrations, as a result of a Debye screening effect and 
charge density of the polymer. 

The elastic properties of poly(ethylene-glycol) (PEG) molecules under 
various solvent conditions showed that a possible deformation of the helical 
suprastructure could evolve in water, a phenomenon that was not observable 
in hexadecane solvent [6.87]. The molecular dynamics (MD) simulation pro¬ 
vided supportive information on the localized helical structure in association 
with water molecule bridges between PEG monomers [6.88]. 

Stretching-induced conformation changes in single pectin molecules (1-4- 
linked a-D-galactouronic acid polymer) were studied by the force spectrum 
method. A two-step chair inversion reaction of pectin monomers was identi¬ 
fied and supported by ab initio calculations [6.89]. 


6.4 Dynamic Force Measurements of Single Molecules 

6.4.1 Pulling Rate Effect on Force Spectrum Measurements 

It has been observed in several detailed studies that the stretching force is 
exponentially dependent on the pulling rate. The unfolding process of poly¬ 
meric molecules can be considered as a reaction process with a free energy 
barrier. The external force applied to the molecule will deform the energy 
barrier by a time-dependent potential [6.90-6.94]: 

AE(x. t) = f ■ Ax = f ■ vt 

where / is the applied external force, Ax the distance travelled along the 
direction of the applied force, and the v the pulling rate. The energy barrier 
height is superimposed by the above potential, and the dissociation or un¬ 
folding will proceed by thermal excitation as the barrier is reduced. The rate 
of the dissociation event (A; 0 ff) can be expressed as: 

&off oc exp[-(£ b - AE)/k B T] = k 0 exp(/// 0 ) 

The force-scale parameter Fq is defined as /o = ksT/Ax and the pre¬ 
exponential factor ko = exp(— E^/k^T). 
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Fig. 6.20. Schematic of the dependence of unfolding force on the pulling rate 
(extracted from [6.69]) 


As a result, the most probable dissociation or unfolding force will depend 
logarithmically on the pulling rate [6.93]: 


where k is the stiffness of the force sensor. Note that the slope of F(v ) versus 
v provides a measure of the energy barrier, i.e., through ho. In principle, 
the pulling rate (defined as k ■ v) dependence can provide insight into the 
spatial distribution of energy landscape relevant to the unfolding process. 
Such logarithmic dependence has been confirmed experimentally in unfolding 
studies of titin immunoglobutin domains [6.72], DNA molecules [6.95], and 
extracellular matrix protein tenascin (Fig. 6.20) [6.69]. The energy landscape 
obtained by dynamic force spectra is affected by the spring constant [6.91]. 
The dependence was also shown to be affected by the number of base pairs 
and temperature in an unbinding experiment of DNA molecules [6.96]. 

The observation of more than one slope in the F(v) versus v relationship 
reveals the possibility of intermediate state in the dissociation pathway [6.94]. 

The methodology could help study the intermediate state for strepta- 
vidin (avidin)-biotin complexes [6.94,6.97]. Effort was placed in exploiting 
rupture force measurements with the thermodynamic properties of molecular 
dissociation of the biotin/streptavidin complex [6.98]. It was suggested that 
a pulling rate much higher than the currently adopted range will be desirable 
to retrieve such information. 


6.4.2 Pulling Rate Effect on Rupture Force Measurements 

The dynamic force spectroscopy of streptavidin-biotin and avidin-biotin was 
obtained using a biomembrane force probe (BFP) and red blood cells as force 
transducer [6.94]. The force constant is in the range of 0.1-3 pN nm -1 for the 
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Fig. 6.21. a Histogram of the biotin-streptavidin interacting force on the pulling 
rate, b The averaged force measured by the biotin tip versus pulling rate (extracted 
from [6.94]) 


force range 0.5-1,000 pN (Fig. 6.21). The pulling rate can be adjusted in the 
range 1—20,000 nm s -1 . The observed dependence of the measured intermolec¬ 
ular force on the pulling rate (Fig. 6.21) and the instantaneous interaction 
energy provide insight into the energy barrier landscape of the streptavidin- 
biotin complex, with indications of transition states [6.99]. Three stages of the 
unbinding process were identified, these being initial displacement of the bi¬ 
otin from the hydrogen bonds, water bridges and non-polar interaction in the 
binding pocket, and a sudden displacement and prominent jump in rupture 
force. 

The analysis of the pulling rate effect on the bond dissociation barrier 
led to the prediction of spontaneous bond dissociation at sufficiently low 
pulling rate, as a result of thermal activation to overcome the barrier [6.100], 
This effect was confirmed in the dynamic force spectrum measurements of 
the single rabbit immunoglobulin G (IgG) and single molecules of protein A 
using biomembrane force probe method (Fig. 6.22). An appreciable transition 
of median rupture force was observed as the pulling rate was reduced, leading 
to a spontaneous dissociation at low pulling rate. 
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Force (pN) 

Fig. 6.22. Histograms of unbinding force between IgG and the receptor molecule 
at loading rates of 630, 280, 75, 27, 11, 5.5 and 2.8 pN s -1 (from top to bottom,) 
(extracted from [6.100]) 


The unbinding force between complementary oligonucleotides was also 
found to depend logarithmically on the pulling rate [6.95]. A single energy 
barrier model can be invoked to accommodate the single-slope behavior. The 
parameters of the energy barrier, i.e., thermal-off rate (or dissociation rate), 
and the separation between the maximum and minimum of the barrier, were 
also found to depend on the number of base pairs. 

The dependence of rupture force on pulling rate was shown to be associ¬ 
ated with the dissociation rate of the ligand-receptor complex through the 
following relationship: 

k Q ff(-F) = fcjff exp (~F(t) ■ s pot /k B T) (6.9) 

where s po t is the average width of the potential barrier. 

The interaction between P-selectin and its counter-ligand P-selectin gly¬ 
coprotein ligand-1 (PSGL-1) was studied for its relevance to the selectin- 
mediated cell-cell interactions of the immune system. A rupture force of up 
to 165 pN was observed from the force spectrum experiments [6.101]. The sim¬ 
ulation of the force-distance spectrum using a modified freely jointed chain 
(FJC) model yielded a spring constant of 5.3 pN nm -1 and persistence length 
of 0.53 nm for the P-selectin/PSGL-1 complex. The Monte Carlo simulation 
was shown to nicely describe the rupture process under external force by 
simplifying the process as random events. The simulation yielded an off-rate 
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of 0.022 s _1 under no external force, and 15 s -1 under external force 
applied by AFM. 

Comparative assessments were carried out on the dissociation of antibody- 
antigen complexes studied by dynamic force spectrum and fluorescence meth¬ 
ods in solutions. The rupture force obtained by the dynamic force method is 
rather well correlated with the off-rates from the solution method [6.102]. 

With a glass microsphcrc attached to the AFM cantilever, and subse¬ 
quently modified with biotin, the interaction between biotin and streptavidin 
was estimated at around 0.3 nN and found to depend on the spring constant 
of the cantilever [6.103]. 

6.4.3 Force Measurements Relevant to 
Movements of Biomolecules 

The movement of kinesin enzyme molecules along microtubules was followed 
by means of optical tweezers [6.17,6.18,6.104]. The results suggest that silica 
beads with low kinesin density (single kinesin molecule, or less) tend to detach 
from the microtubule briefly during the mechanochemical cycle [6.104]. 

An infrared optical tweezers was used to detect the force of mitochondria 
moving along microtubules under in vivo environmental conditions. Data 
were derived from the laser power needed to stop and release the trapped 
particle [6.105]. A force magnitude of 2.6 x 10 -7 dyne was estimated for 
mitochondria with one motor can run at a speed of 10 |j.m per second. 

By using optical tweezers, the isometric force of a single kinesin enzyme 
molecule on a biotinylated microtubule was estimated at about 1.9 pN in the 
presence of uncleotide GTP or ATP [6.106]. 

With an optical interferometer, the movement of kinesin-decorated silica 
beads along microtubules under the control of an optical tweezers was directly 
measured [6.107]. A discrete moving behavior was identified, with a step size 
of 8 nm. In addition, it was found that the kinesin can transport against loads 
up to 5 pN, contrasting with the value of 1.9 pN shown above. This can at 
least partly be explained by a difference in manipulation conditions between 
the two studies. 

Force measurements at single molecule level have become a vital addition 
to the high topography resolution capability of AFM. Further improvements 
of force spectrum resolution may lead to even more interesting topics in the 
study of intermolecular interactions. 

General aspects dealing with the specificity of single molecule force mea¬ 
surements relate to environmental fluctuations such as solvent, surface het¬ 
erogeneity, and experimental errors. As the the detection of single molecules 
remains a highly challenging arena, endeavors to solve such problems will 
surely continue to improve the quality of the results. 
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7.1 Introduction 

This chapter focuses on another important aspect of molecular properties, 
i.e., electron transportation behavior. Such studies are enabled by, and closely 
related to the molecular level exploration of adsorption and assembling pro¬ 
cesses presented in the preceding chapters. Promoted by conceptual advances 
in molecular electronics and other fields, the design and synthesis of electri¬ 
cal conductive molecular structures have drawn extensive interest [7.1]. This 
effort, together with the development of novel nanolithography techniques, 
is aimed at obtaining structures with electronic functions in the length scale 
below 100 nm. Chemical approaches in this scale regime are unique owing 
to the diversity of molecular functions. We wish to provide in this chapter a 
brief summary on recent progress in this fast evolving field. 


7.1.1 One-Dimensional Molecular Conductance Structures 


The consideration for transportation processes in molecular wires can be 
described in the form of homogeneous carrier transport kinetics in which 
conductance can be expressed in terms of the rate constant k et : 


d{D} 

dt 


k a {D} 


where k et represents the efficiency of electron transfer. Under the approxima¬ 
tion of non-adiabatic intramolecular carrier transfer, a superexchange mech¬ 
anism was proposed whereby electrons tunnel through a barrier in a coherent 
way and do not reside within the barrier. The expression may be simplified 
in an exponential form [7.2]: 


ket = ^tunnel = &0 exp (~{3d) 


with 


/3 = -?ln / Hbb 


a V AEdb 


where ko is the pre-exponential factor, ,3 the attenuation factor, Hbb the in¬ 
ternal coupling energy between the bridge units, a the bridge unit length, and 
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AEdb the energy difference between the intermediate state and the ground 
state. The formalism was developed and tested in solutions and applied suc¬ 
cessfully in solid junction studies [7.3,7.4]. 

In the case of the carrier residing on the bridge molecule with an effec¬ 
tive lifetime and transport by hopping between bridge sites (total number of 
bridge unit: TV), transport is of Ohmic t} r pe with a rate expressed as [7.5]: 

ke.t = ^hopping 

The rate also depends on the energy gap, as shown in the following: 


ket — 


opping 


a^exp 


f AEqb \ 
V RT J 


Seeing that, actual transport may occur through both pathways, the rate 
expression should be: 


ket — 


^tunneling T Tth 


opping 


The contributions from the tunneling and hopping mechanisms can be dif¬ 
ferentiated by their temperature dependence. 

Under the situation of AEqb — 0, he., the energy level of intermediate 
state coincides with the Fermi level, the transport is essentially a resonant 
process. Since there is little energy loss due to the bridge molecules, the 
carrier transport is dominated by the contact behavior. 

The second approach is to directly consider the resistance/conductance 
of the carrier transport process as first proposed by Landaucr [7.6]: 


9(V) 


di(v) 

dv 


2e 2 

h 


E T ^ y ) 


where g(V ) is the conductance, and Ty the transmission probability of elec¬ 
trons across the junction, go = 2 e 2 /h = (12.9 kfi) -1 is the quantum unit of 
conductance. This quantized conductance behavior has been identified in a 
number of studies. 

The scattering occurs both at the molecule-electrode interface and the 
molecules. The scattering due to the presence of molecules is largely consid¬ 
ered as an elastic process [7.7-7.10], 

The above expression again can be simplified into exponential dependence: 


g = go exp(— /?(T D a) 


or Ohmic behavior 

1 ( AE-qb 

g oc — exp-——- 

y TV RT 

The correlation between the Landauer mechanism with the kinetics model 
can be established by considering the coherent tunneling process: 

g = e 2 k et pi(E F ) 
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where k e t is defined as in the kinetics model, and pi(E F )is the density of 
states of the initial electrode. 

Under the approximation of strong chemisorption, the relationship can be 
expressed as: 

8e 2 ( k et \ 

9 ~ i r 2 r D r A \DOSj 

Further simplification on the contact with electrodes can lead to another 
expression: 



where 


DOS = tm(FCWD) 


7m = 7Tk B Tp M (E F ) 


FCWD 


1 

1/2 

A 

ATt\k B T 

exp 

4A:bT 


and pm{E f ) is the effective density of states near the Fermi level of the metal 
electrode, FCWD the Frank-Condon weighted density of vibronic states that 
controls the electron transfer when D and A sites are coupled to the vibronic 
modes, and A a nuclear reorganization parameter. The numerical calculation 
of (3 can be performed using recursion relation [7.11] and band structure 
methods [7.12]. 

The third widely used approach of analyzing tunneling characteristics is 
based on formalisms for M-I-M junctions [7.13]: 

j =-—— TnWr exp (-AAxy/tp?) p t + eV) exp [~AAx(p r + eU) 1/2 ]} 

A{Ax) 2 ep t ' 

b = e 2 (2rtvp r ) 1 ^ 2 /h 2 (7.1) 

A = 2(2 m) 1/2 /h = 1.025 (eU)“ 1/2 A -1 


where j is current density, and Ax and tp r the effective junction width and 
barrier height, respectively. These parameters assume different magnitudes 
in the following regimes: 

(1) Electrode 1 positive, 0 < V <<p\/e, 


Ax = d 

2 vT - (Vl - eV) 

— Q - T t 

3 - <Pi + ev 

(2) Electrode 1 positive, V > <pi/e, 


Ax = dp 2/(^2 - pi + eV) 

Pr = 4<y52/9 
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Fig. 7.1. Current-voltage characteristics for fatty acid salts of different chain 
length. Solid and dashed curves correspond to opposite tunneling bias (extracted 
from [7.13]) 


(3) Electrode 2 positive, 0 < V < ^/e, 


Ax = d 


2 ip \ /2 - (y>2 ~ eV) 

3 (f! - (p 2 + eV 

(4) Electrode 2 positive, V > f>2 /e, 

Ar=_—_ 

<Pi - + eV 

= 4(/?i/9 




win'O' if i and f 2 are the work functions for the electrodes, and d the separa¬ 
tion between the electrodes. Figure 7.1 is an example of the current-voltage 
characteristics for fatty acid salts of different chain lengths [7.13], 

So far, a wide range of species have been subjected to direct conductance 
measurements at single molecule level. The development of, amongst others, 
self-assembling and Langmuir-Blodgett techniques, self-assembled monolay¬ 
ers (SAM), scanning probe microscopy (SPM), and nanolithography tech¬ 
niques has enabled direct experimental characterization of single molecules, 
greatly enhance the feasibility of constructing molecular devices based on 
carrier transportation processes. Currently, a wide range of molecules being 
systematically analyzed for electrical conductivity [7.14,7.15], including lin¬ 
ear saturated alkyl derivatives, conjugated molecules (generally represented 
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Fig. 7.2. Brief summary of the molecular structures selected for electrical property 
studies (extracted from [7.15]) 


by the family of conductive polymers), and carbon nanotubes. Figure 7.2 is 
a brief summary of the types of molecular structures selected for electrical 
property studies. 

Along with work on transporting electrons or holes using small-dimen¬ 
sional molecular nanostructures, there have also been studies dealing with 
ionic transportations, which is important for both biological and chemical 
processes [7.16-7.19]. An example of ionic channels is one-dimensional colum¬ 
nar structures. Low generation of dendrimers is also known to form columnar 
structures via non-bonding interactions [7.20-7.22]. 

7.1.2 Methods for Measuring Molecular Conductivity 

Techniques for preparing tunneling junctions include: 

(1) Evaporation processes [7.13] 

(2) Break-point method [7.23,7.24] 

(3) Mercury column method [7.25,7.26] 

(4) Nanowires method [7.27] 

(5) Nanolithographically defined pores [7.28] 
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(6) Capillary molecular junction [7.29] 

(7) Scanning probe microscopy (SPM) [7.30-7.38] 

(8) Cross-wire method [7.39] 

(9) Metallic nanoparticle-based contact [7.40] 

(10) Junctions prepared by using the electromigration effect [7.41] 

Figure 7.3 illustrates several methods for molecular conductivity measure¬ 
ments. The results obtained from these junctions mainly represent ensem¬ 
ble averages, and recent studies have demonstrated the feasibility of single 
molecule junctions. For example, a mechanically controllable break junction 
was used to form a statically stable gold-sulfur-aryl-sulfur-gold system with 
molecules of benzene-1, 4-dithiol self-assembled onto the two facing gold elec¬ 
trodes [7.23]. Such junctions allow direct observation of charge transport 




Fig. 7.3. Methods for molecular conductivity measurements, a Break point junc¬ 
tion [7.24] b Mercury column [7.25] c Capillary junction [7.29] d SPM e Cross wire 
method [7.39] 
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through the molecules. The obtained conductance-voltage curve provides a 
quantitative measure of the conductance of a junction containing a single 
molecule, which is a fundamental step in the emerging field of molecular- 
scale electronics. 

In the mercury column junction method [7.25, 7.26], two Hg drops a 
few millimeters in diameter are initially modified with thiol SAM and then 
brought into contact within a microsyringe. Capacitance measurements of 
the as-formed junctions can provide a reliable assessment of the quality of 
the junction. The liquid drop of Hg provides a homogeneous surface that 
promotes the formation of highly uniform SAMs. Such junctions can be op¬ 
erated in electrolytes under electrochemical conditions. The SAMs on the Hg 
drops can be different, and redox molecules may also be included between 
the interface of two SAMs in such junctions. One should be aware of possible 
solvent effects, especially when using non-polar solvents that may be trapped 
inside the SAM during the approaching process. 

In cross-wire junction configuration, the separation between the current- 
carrying wires is adjusted by an external magnetic field. The effective tunnel¬ 
ing cross section is proportional to the diameter of the wires [7.39]. Using the 
cross-wire junction method, it was shown that bond-length alternation has 
significant effects on the conductance of SAMs of oligo(phenylene ethynvlene) 
(OPE) and oligo(phenylene vinylene) (OPV), as a result of gap separation be¬ 
tween HOMO—LUMO orbitals. In addition, the cr-bonded alkanes have much 
lower conductance than the 7r-conjugated molecules. The SPM method ap¬ 
pears to have better capability to address individual molecules embedded in 
SAMs. 


7.2 Electrical Conductivity of Molecular Monolayers 

7.2.1 Linear Alkane Derivatives 

Studies on aliphatic molecules (exemplified by alkanethiols) have focused on 
constructing devices directly based on single molecule conductivity. This work 
has spanned a time period of nearly three decades since an early study on 
stearic acetate using the mercury junction method [7.13], recently comple¬ 
mented by several groups [7.25,7.26]. The SPM method has also contributed 
to research in this field [7.30-7.38]. The results have revealed the effects of, 
for example, the tunneling barrier, and terminal groups, and have helped 
examine the electron transfer mechanism. 

The reported results revealed that values for the electron decay attenua¬ 
tion factor (3 for a series of alkanethiolate on gold and mercury surfaces are 

o — X 

in the range 0.8—1.5 and 0.4—0.6 A for phenyl group [7.25a, 7.25c, 7.27, 
7.31, 7.37, 7.38] and nitro-based molecules [7.37]. The difference between 
the attenuation factor of alkanethiolates and that of molecules with phenyls 
and electroactive groups can be qualitatively correlated with the nature of 
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the electron transportation process in these specimens [7.37]. For alkanethi- 
olate, the molecular orbitals are typically far away from the Fermi level, 
and the tunneling is probably dominated by the superexchange mechanism. 
The attenuation factor is expectedly large for this process. By contrast, for 
molecules with phenyl and other electroactive groups, the molecular orbitals 
of the functional groups may be positioned closer to the Fermi level. As a 
result, resonant tunneling may play a role in the transportation process in 
this case, and the attenuation factor should be smaller. 

An electron charging effect was observed for nitro-based oligo(phenylene 
ethynylene) molecules [7.37], The evidence is based on the additional anodic 
peaks in I-V characteristics after an initial scan to negative bias (tip volt¬ 
age). In addition, the attenuation factor for nitro-based molecules was found 
to vary significantly with the applied bias voltage [7.37]. Such variations in 
attenuation factor may be considered within a broader range of controlling 
factors, including the properties of substitution groups, molecular backbone, 
interactions between these, and tip pressures [7.37,7.42], In another study of 
theoretical calculations, the observed conductance on benzene-1,4-dithiol was 
found to be due mainly to the resonant tunneling effect, with little charging 
effect, because the electrons do not reside on the the benzene group long- 
enough [7.43]. 

In more recent studies, dielectric characteristics of capacitors, electrical 
breakdown voltage (BDV) and electron transport properties have been stud¬ 
ied using Hg-SAM-metal (Hg, Ag, Au, and Cu) systems as nanometer-thick 
organic dielectrics [7.25,7.26], It was demonstrated that alkanethiols on atom¬ 
ically flat surfaces of mercury form monolayers of extremely low conductivity, 
close to that of bulk polyethylene. Notably, the magnitude of BDV was found 
to depend on the metal electrodes and correlates with the organizational pa¬ 
rameters of the SAM on the metal electrodes. In addition, the BDV depends 
on the chain length of alkanethiol forming the SAM for the same metal sur¬ 
face. A survey of SAMs with different chemical structures shows that the 
BDV correlates overall with the thickness of the densely packed hydrocar¬ 
bon portion of the SAM: aliphatic and aromatic SAMs of the same thickness 
show similar BDVs. Using the same approach, it was found that current den¬ 
sity decreased with increasing distance between the electrodes, and increased 
roughly linearly with the area of contact between SAM(l) and SAM(2) in 
the Ag-SAM(l) SAM(2)-Hg junctions. 


7.2.2 Conjugated Molecules 

Conjugated molecules are known to have higher carrier mobility than do 
aliphatic molecules, due to the nature of delocalized electronic states. There 
are a large number of one-dimensional molecules that have been studied [7.44, 
7.45], and can be considered as potential candidates for conductive wires. 

The resistance of a number of differently sized molecules (monomers, 
oligomers) with aromatic components was measured. The resistance of double- 
ended aryl dithiols (xylyldithiol) was estimated as 18 ± 12 Mfl [7.46], and of 
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benzene-1,4-dithiol as about 22 MO [7.23]. One should note that resistance 
measurements using metal-molecule-metal junctions can be greatly affected 
by contact properties [7.47,7.48]. 

Oligomers with linearly conjugated double and triple bonds are also typ¬ 
ical candidates for conductive molecules. The effective conjugation length 
for poly (triacetylenes) was determined as being in the range 7-10 monomer 
units, based on optical and non-linear optical measurements, UV/Vis and 
Raman spectroscopies [7.49,7.50], There have been extensive studies on us¬ 
ing phenylene-ethynylene oligomer as molecular wires, substituted with p- 
active groups [7.51], In addition, molecules with ferrocene as terminal groups 
were also studied for oligo(phenylethynyl) [7.52] and oligo(phenylvinylene) 
[7.53]. The ferrocene was connected to the gold substrate by means of spacer 
molecules of different lengths. The attenuation factor was obtained from the 
dependence of the standard electron-transfer rate constant on the length of 
the spacer molecule, by using ac voltammetry. In this study, the attenua¬ 
tion factors for aliphatic spacers and conjugated spacers were determined as 

o — X 

0.90 and 0.36 A , respectively [7.52], The results are consistent with those 
reported for other methods, as introduced in the prceding section. 


7.2.3 Rectification Molecular Conductance 

The concept of electronic rectification of molecules was first explored with 
a conjectured donor-spacer—acceptor model (D-S-A) in 1974, and has been 
extensively tested in molecular wire structures [7.54]. Even though the orig¬ 
inal molecular structure, the donor (TTF) and acceptor (TCNQ) separated 
by a a part, has yet to be realized, these stimulating studies can be consid¬ 
ered within a broader scope of research on intramolecular electron transfer 
processes. 

Several linear molecular structures of D-S-A have been investigated as 
conductive wires. These molecules provide ideal examples to test electron 
transfer formalisms. A number of wire structures manifested appreciable rec¬ 
tification behavior, and could be utilized for transistors. 

A well-documented molecular structure with rectification behavior is g- 
hexadecylquinolinium tricyanoquinomethanide (C 16 H 33 Q- 3 CNQ) (Fig. 7.4) 
[7.55-7.57], Characteristic rectification behavior was; also obtained from the 
LB film of a donor- 7 r-acceptor molecule, thioacetic acid S-(10-4-[2-cyano-2- 
(4-dicyanomethylene-cyclohexa-2,5-dienylidene)-4H-quinolin-l-yl]decyl ester 

[7.58] . A more complex rectification behavior was reported for this molecule 

[7.59] . Several other types of molecules have been reported with observable 
rectification properties, including zwitterions [7.60-7.62], hemicyanine deriva¬ 
tives [7.63—7.65], and chevron-shaped dye [7.66,7.67], 

Rectification effect was observed for planar binuclear phthalocyanine 
Co(I)Pc-Co(III)Pc. The molecular monolayer was self-assembled on a graphite 
surface with a titled orientation. The Co(I)Pc is the donor part, and Co(III)Pc 
the acceptor part [7.68]. 
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Fig. 7.4. Schematic and I-V curves of C 16 H 33 Q- 3 CNQ. a Linear plot and b Log¬ 
arithmic plot c Structure schematic of C 16 H 33 Q- 3 CNQ (extracted from [7.55]) 


Rectification effect was also observed for the asymmetrically substituted 
phthalocyanine molecules (NtBuPc) [7.69]. In this molecule, the donor t-butyl 
and acceptor NO 2 are separated by the 7r-conjugated molecule phthalocya¬ 
nine. 

The mechanisms of the observed rectification behavior are currently under 
extensive study. In the case of C 16 H 33 Q- 3 CNQ [7.70], the rectification was 
proposed as electric field-induced excitation of the ground state and electron 
transfer across the molecule-electrode interfaces. Asymmetric molecular ge¬ 
ometry was also suggested to contribute to the rectification effect [7.71,7.72]. 
Considering that the Q-3CNQ part is close to one electrode and the alkyl part 
is close to the other electrode, the asymmetric electrostatic field distribution 
along the molecule may induce an asymmetric transport behavior. 

Another approach using similarly asymmetric molecules with only one 
conjugated group (thiophene, phenyl) also led to rectification effect, at¬ 
tributed to the resonant tunneling of the molecular front orbitals of the 
conjugated group [7.73]. 

In another study, asymmetric distribution of electronic density of states 
of copper phthalocyanine (CuPc) molecules was considered the cause for rec¬ 
tification behavior [7.74], The CuPc molecules were adsorbed on acidified 
graphite surfaces in a tilted orientation and displayed an asymmetry ratio 
as high as 40 in I-V characteristics, which is much higher than the typical 
value for clean graphite surfaces. The presence of peak features in the oc- 
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cupiecl density of state distribution around the Fermi level has been argued 
to be the most likely explanation for the observed large asymmetry in I-V 
characteristics, excluding factors such as the barrier height effect, Schottky- 
Mott-type interface between molecule and substrate, electrical break-down, 
electrical dipole effect, and asymmetric geometry of tip and sample. 


7.2.4 Switching Behavior of Molecular Conductance 

Nanopore experiments [7.75, 7.76] have indicated that the nitroamino com¬ 
pound has two distinct conduction states (conducting and non-conducting), 
the so-called negative differential resistance (NDR) effect. The switching be¬ 
havior is associated with the ensemble of approximately 1,000 molecules in 
the nanopore junction region. The observed NDR phenomena has been at¬ 
tributed to the combined effect of electron charging and resonant tunneling 
of substituents [7.76]. It was also suggested that the charged state of dini- 
tro compounds, 2'-nitro-4-ethynylphenyl-4 / ethynylphenyl-5'-nitro-l-benzene 
thiolate, can be considered as a prototype of molecular switch [7.77]. 

Another study on the complex of 3-nitrobcnzal malononitril and 1,4- 
phenylenediamine (NBMN-pDA), p-nitrobenzonitrile (PNBN) demonstrated 
distinctly different conduction states that could be controlled by the electric 
field under the STM tip [7.77], The tip-induced conductance change appears 
in localized spots with diameters as small as 0.6 nm, which is very attractive 
for high-density data storage applications. Possible effects due to localized 
polymerization and electric field-induced molecular structural change have 
been discussed. 



voltage, V 

Fig. 7.5. Bistable conductance of nitroazobenzene junction with thickness of ap¬ 
proximately 47 A and contact area of about 0.8 mm 2 (extracted from [7.78]) 
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Switching behavior was also reported for a multilayered nitroazoben- 
zene assembly formed between a pyrolyzed photoresistant film (a graphitic 
material similar to glassy carbon) and a mercury electrode, as shown in 
Fig. 7.5 [7.78]. The nitroazobenzene molecules are connected by conjugated 
C-C bonds to the carbon substrate through electrochemical reaction of dia- 
zonium salt. The low conductance state was seen to switch into a high con¬ 
ductance state at bias voltage less than —1.5 V (graphite relative to mercury 
electrode), and the low conductance state can be regained at voltages higher 
than 2 V. This was attributed to a possible electron-induced redox process 
in which the phenyl ring is rotated and forms a planar quinoid structure, 
similarly to the effect observed by STM [7.79]. Similar bistable conductance 
behavior was also observed for monolayer structures [7.80]. 


7.3 Single Molecule Conductance 

The determination of molecular conductivity at single molecule level is a 
challenging experimental task. The use of the SPM technique has greatly en¬ 
hanced the capability of studying transportation properties at single molecule 
level. Reported results on single molecules not only reconfirm those obtained 
for monolayer molecules, but also provide new insights into the nature of elec¬ 
tron conduction across molecular junctions, such as possible coupling effects 
in electron transportation along molecules. 


7.3.1 Molecule—Electrode Contact Effect 

Among many of the important issues concerning electron transfer mecha¬ 
nisms [7.47, 7.60, 7.81] via organic molecules, the effect of electrical contact 
between the molecule and electrode surface is one of the most extensively 
studied aspects [7.82]. From experimental results focused on thiolated conju¬ 
gated molecules (with aliphatic or aromatic moieties), with strong chemical 
bonds to metal electrodes, much information has been gained on the conduc¬ 
tance of single molecules. The effect of terminal atoms and electrode metal 
combinations upon the measured conductance has been assessed theoreti¬ 
cally [7.47], and the conductance was conjectured substantially higher when 
the molecular wire is terminated by selenium rather than sulfur or oxygen on 
gold or silver electrodes (Fig. 7.6). In addition, the analysis suggests that Ag 
electrodes lead to reduced conductance compared to that of Au electrodes. 
Direct comparisons of CN- and S-groups on metals (Ni, Cu, Pd, Ag, or Au) 
have also made with quantum chemistry simulations [7.81]. 

First-principle calculations of benzene-1,4-dithiol with metallic contacts 
revealed that the atomic connection between the molecule and the electrode 
is critical to the overall magnitude of the measured conductance [7.61], The 
usage of a single Au atom as contact can reduce the conductance by 2 orders 
of magnitude. The argument is based on bonding between the s states of Au 
and p states of sulfur. The symmetry promoted coupling between the surface 
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Fig. 7.6. Calculated conductance of the molecules terminated by selenium, sulfur 
or oxygen atoms (extracted from [7.47]) 


normal-oriented p states and the s state. As a result, 7r-bonding interaction 
will be reduced. By contrast, an aluminum atom at the contact point can 
enhance the conductance by contributing p states to the coupling. It should 
be noted that the calculations showed similar I-V characteristic shapes for 
different metal contacts, indicative of the dominance of molecular electronic 
structures in determinig the line shape of tunneling characteristics. 

With the aid of atomistic manipulation, a width-adjustable junction made 
of Au atoms was demonstrated on NiAl(llO) surfaces [7.83]. Each electrode 
consisted of 1—6 Au atoms. The single copper(II) phthalocvanine (CuPc) 
molecules were brought into the junctions made of different Au chain elec¬ 
trode lengths. The interaction between the positively charged Au atoms on 
NiAl(llO) surfaces and the benzene group of CuPc helps stabilize the assem¬ 
bly of the Au atom chain/CuPc/Au atom chain. The corresponding tunneling 
characteristics suggested the degeneracy effect of molecular LUMO orbitals 
of (e g 7 r*). The number of Au atoms within each electrode does indeed cause 
additional splitting of the molecular orbitals. This result provides a direct 
atomistic visualization of the metal—molecule—metal contact, and evidence of 
the electronic coupling between the contact atom and the molecule. 

The enhanced resistance of thiol molecules was speculated for non-bonded 
molecules, compared with chemically bonded species, as revealed in earlier 
SPM studies on thiol molecules assembled on Au surfaces [7.36]. Fluctuat¬ 
ing conductance of single thiol molecules immobilized on Au(lll) surfaces 
through coadsorbed SAM was observed and interpreted as a switching be¬ 
tween “on” and “off” states [7.62]. The rate of occurence of such fluctuations 
was found to follow an exponential distribution, associated with the bonding 
characteristics of the thiol terminal group with the Au substrate. The “on” 
and “off” states are likely due to the stabilized bonding and de-stabilized 
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Fig. 7.7. Electrical conductance of the tunnel junctions using tin as electrode 
a Measured I-V curves for octadecane derivatives, b Measured dl/dV versus V 
characteristics showing the gap regions for octadecane derivatives. A pronounced 
offset of Fermi level can be identified for C 18 H 37 OH 


bonding, respectively. From the variation of the rate distribution at 25 and 
60 °C, an activation energy of about 0.1 eV for bond destabilization was 
estimated. 

Recent studies were able to obtain the tunneling characteristics of alkane 
derivatives formed on indium oxide and tin oxide surfaces (Fig. 7.7) [7.29], 
indicating possible effects of functional groups on the tunneling behavior, 
as theoretically predicated. In another study, temperature-induced resistance 
enhancement was observed for alkyls assembled on oxide surfaces. The effect 
was ascribed to the possible breaking of hydrogen bonds between the terminal 
groups of SAM and the oxide surface [7.84]. 

Along with achievements in atomic manipulation and nanofabrications, 
considerable interest, both technologically and theoretically, has been focused 
on the quantized conductance behavior of nanowires or nanocontacts pro- 
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duced by STM. The experimental results have provided direct evidence of 
the dimensional restriction on the electron density of states. A zero- or one¬ 
dimensional contact is defined as two electrodes connected by a single atom 
or a linear chain of atoms, respectively. A zero-dimensional contact can be 
readily formed by the attachment of an individual atom to the tip [7.85,7.86], 
or the sample surface, whereas a one-dimensional contact can be formed by 
mechanical deformation of the STM tip from its contact state [7.87,7.88], 
Closely related studies on the deformation of the nanocontact [7.89,7.90] and 
electron scattering [7.91,7.92] have helped to clarify the observed quantized 
conductance. 

It should be noted that other types of quantizations in tunneling conduc¬ 
tance are also very interesting. The study of the single electron tunneling 
process has been very active for several decades, and continued with refresh¬ 
ing new results. As early as 1965, Giaever et al. [7.93] discovered the Coulomb 
blockade effect unique to the single electron tunneling process. This effect is 
based on the electronic charging energy associated to finite capacitance of 
the tunneling junction. The tunneling electron needs to possess a certain en¬ 
ergy to overcome this charging energy barrier. Qualitatively, the Coulumb 
blockade effect is reflected in step-like features in I-V characteristics, or peri¬ 
odic peak structures in dl/dV versus V curves [7.93-7.95]. Early experiments 
were performed with microparticles of metal oxide embedded in the tunnel¬ 
ing junction. As a result, the tunneling junction can be approximated by a 
double junction model. Recent studies have revealed similar characteristics 
in tunneling junctions in a wide range of nanostructures, including various 
nanoparticles, and molecules [7.96]. 

Resistance of chemically bonded octanedithiol has been determined as be¬ 
ing 900 ± 50 Mfi, whereas non-bonded molecules may have resistance at least 
4 orders of magnitude higher [7.36], This value has been revised to 51 ± 5 Mfi 
in a recent measurement using molecular junctions formed between gold con¬ 
tacts under STM [7.97], In this study, the contact between the tip and sample 
surface was continuously varied while monitoring the conductance. The final 
stage prior to the complete breaking apart of the tip-sample contact con¬ 
sists of discrete breaking events of single chains of Au atoms. The difference 
in these results may come from the finite contact resistance in association 
with the AFM probe used in [7.36]. In the same study, the single molecule 
conductance of 4,4'-bipyridine was determined as 1.3 ± 0.1 Mfi [7.97]. For 
molecules containing phenylene groups, the values are higher (for example, 
the resistance of benzene-1,4-dithiol is about 22 Mfi [7.23]). 

The evolving behavior of conductance for single atom contact between 
electrodes (Pb, Al, Nb, Au) revealed a dependence on the chemical effect 
of the contact atom [7.98]. By analyzing the step-like conductance variation 
function, and the accompanying I-V characteristics, a qualitative correlation 
was proposed between the number of conduction channels and the number 
of valence electrons of the contact atom. 
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7.3.2 Conductance of Single Organic Molecules 

The magnetic field-induced splitting of zero-bias conductance peaks at low 
temperatures was also observed in the single molecule junction of a di¬ 
vanadium molecule (V 2 , [(N,N',N // -trimethyl-l,4,7-triazacyclononane) 2 -V2 
(CN) 4 (/i-C 4 V 4 ]) [7.99]. The inclusion of vanadium atoms in the molecule re¬ 
sulted in three different charge and spin states, namely, neutral V 2 has spin 
S = 0, VTf is a spin-quadruplet (S = 3/2), and a spin-doublet (S = l/2). 
According to the mechanism of Kondo effect, the zero-bias conductance peak 
follows the expression: 

Go 

(1 + (2 1 /* - l)g) s 

Go is a constant. Tk (Kondo temperature) and s are determined from the 
coupling strength of the tunneling electron with the electrode, and the energy 
level of the scattering center. 

Single molecules containing Co ions and polypyridyl ligand molecules re¬ 
vealed step-like features in I-V characteristics, which is reminiscent of the 
Coulomb blockade effect for the single electron tunneling process [7.100]. 
The conductance peak magnitude at zero bias also showed logarithmic de¬ 
pendence on temperature and splitting under an external magnetic field, as 
a result of the Kondo scattering effect associated with Co ions. 

Conductance of single H 2 molecules was measured using a mechanical 
break point junction at 4.2 K [7.101]. The measured conductance has a 
peak value at Go = 2 e 2 /h, which is strong evidence that the tunneling oc¬ 
curred mainly through a single channel. The differential conductance for the 
Pt/H 2 /Pt junction revealed a resonance feature at 63.5 meV, identified as 
the vibrational energy for H 2 molecules (Fig. 7.8). 

Single Coo molecules located within a break junction have been shown 
to display discrete conductance gaps under gate voltage controls at 1.5 K 
(Fig. 7.9) [7.102]. The observed 5-meV gap value was ascribed to the exci¬ 
tation of mechanical oscillation of C 60 molecules within the junction. The 
vibrational quantum was determined from the basic vibration frequency of 
a C 60 molecule interacting with a metal substrate via van der Waals po¬ 
tential (which is approximatly 1.2 THz). Conformation change of fullerene 
molecules can lead to substantially different response in electronic behavior, 
such as for Cqo under deformation by an STM tip [7.103], or by controlling 
the gate potential in a three-terminal geometry [7.104]. A discernible nega¬ 
tive differential resistance (NDR) effect was observed in a junction formed 
by two C 60 molecules, due to the local density distribution at the Fermi level 
of C 60 molecules (Fig. 7.10) [7.105]. 

An effective method was developed to immobilize single molecules of con¬ 
jugated phenylene ethynylene oligomer with nitroamino groups using alka- 
nethiolate assemblies as the host matrices [7.106]. Switching behavior in con¬ 
ductance is reflected in the change of apparent height of the oligomers in STM 





7.3 Single Molecule Conductance 175 



Fig. 7.8. Differential conductance for the Pt/H 2 /Pt junction showing a resonance 
feature at 63.5 meV (extracted from [7.101]) 



Fig. 7.9. I-V characteristics of single Ceo molecules at various gate voltages. A 
change in the apparent gap width in multiples of 5 mV can be identified (extracted 
from [7.102]) 


images. This change in conductance is due to the electron-induced conforma¬ 
tion change of the nitroamino groups, similarly to that observed when using 
the nanopore method [7.75]. It was found that tunneling conditions (bias 
voltage and current) do not affect the switching efficiency, and the switch¬ 
ing efficiency is dependent on the defect density and film quality of the host 
matrices. 
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Sample bias voltage l/ s (V) 

Fig. 7.10. Negative differential resistance of C'wi (extracted from [7.105]) 


7.3.3 Conductance of Single Nanotubes and Nanowires 


Carbon nanotubes (CNTs) can be approximated as graphitic sheets with 
hexagonal lattices that are wrapped up into seamless cylinders (Fig. 7.11) 
[7.107,7.108]. Both single-walled carbon nanotubes (SWCNT) and multi- 
walled carbon nanotubes (MWCNT) have been examined for electron and 
hole transportation. CNT-based transistors have been extensively studied and 
demonstrated many excellent properties. Transistor arrays and logic gates us¬ 
ing CNTs show promising application potential (Figs. 7.12 and 7.13) [7.109], 

Substitutional doping of boron and nitrogen in multiwalled carbon nan¬ 
otubes has been shown to change the electric conductive behavior from semi¬ 
conducting to metallic [7.110], The inclusion of alkali and halogen in single- 
walled carbon nanotubes enhances electrical conductivity [7.111,7.112]. Hy¬ 
brid carbon nanotubes have been shown to possess excellent rectification 
behavior [7.113]. The conductance of SWCNTs was found to be affected by 
the chemical environment, such as the presence of NH 3 and NO 2 [7.114], 
which could be applicable to chemical sensing. 

The conductance of boron-doped silicon nanowires (SiNW) was also 
shown to be sensitive to the chemical environment, as a result of surface 
charge variations. Such effects could be explored in developing novel chemi¬ 
cal and biological sensors [7.115]. 
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Fig. 7.11. Structural models of carbon nanotubes (extracted from [7.107]) 


7.3.4 DNA Molecules 

Attempts to use DNA as an electronic conductive wire have been widely 
pursued in the past decade. This is rooted in the well-defined, one-dimensional 
helical structure of DNA that is composed of uniformly spaced base pairs rich 
in p-carriers. The distance range for electron transfer was proposed to be as 
long as 40 A, with the aid of covalently linked donor and acceptor intercalators 
[7.116], A number of mechanisms have been investigated to elucidate charge 
transfer pathways under various conditions [7.117,7.118]. 

On-going, extensive exploration will help to clarify the nature of charge 
migration processes for DNA, in terms of, for example, intercalators, and se- 
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Fig. 7.12. Conductivity measurements of a single carbon nanotube between source 
and drain electrodes (extracted from [7.108]) 
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Fig. 7.13. I-V characteristics of a carbon nanotube under the influence of gate 
voltage (extracted from [7.108]) 


quence. [7.115-7.121]. Conductance measurements on poly(dA)-poly(dT) and 
poly(dG)-poly(dC) revealed similar behavior that can be interpreted on the 
basis of the polaron hopping mechanism [7.122]. The gated I-V characteris¬ 
tics further suggest that the conduction in poly(dA)-poly(dT) is reminiscent 
of n-type semiconductors, whereas poly(dG)-poly(dC) behaves more like p- 
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type semiconductors. Other models proposed for interpreting DNA-related 
conductance include ionic conduction [7.123], polaron transportation [7.124], 
soliton [7.125], and electron or hole transportation [7.126]. 

The high resistivity of A-DNA molecules was confirmed by first-principle 
calculations on the electronic structures. The results also suggest that the 
low-energy electron induces significant change in conductivity as a result of 
contamination [7.127]. 

7.3.5 Single Molecule Devices 

It has been an inspiring field to design and build molecular devices based on 
a wide range of chemical and physical properties of various molecules. Molec¬ 
ular electronic elements, potentially leading to devices at single molecule 
level, require synthesizing molecules with electrical functionalities and con¬ 
necting these to external electrodes. Earlier explorations proposed that a 
single molecule with a donor-spacer—acceptor structure could develop recti¬ 
fication properties and behave as a diode [7.1,7.54]. Such components could 
have wide applications in fast switches, oscillators and frequency-locking cir¬ 
cuits. Since then, a variety of molecules of such types have been synthesized, 
and appropriate detection techniques have been developed. 

The molecular wire structure was expanded to branched structures of 
three-terminal and four-terminal systems intended for molecular transistor 
designs (Fig. 7.14) [7.128], 

Monolayers of rotaxanes [7.129] and [2]-cantenane displayed bistable be¬ 
havior [7.130], The behavior led to the cross-bar design of current-driven 
solid state molecular logic circuits and addressable memory [7.130-7.134]. It 
was further pointed out that the molecular domains, rather than individual 
molecules, are responsible for the observed switching behavior [7.134]. 

It has been proposed that intramolecular electron transportation could 
be used to develop logic gate functions [7.135]. Based on elastic scattering 
quantum chemistry analysis, multiple-arm molecular structures, incorporat¬ 
ing donor and acceptor groups, could develop similar logic functions such as 
“OR” and “AND” (Figs. 7.15 and 7.16) [7.136,7.137], 

Several circuit structures with logic functions of inverter, “NOR”, SRAM, 
and ring oscillators were demonstrated based on individual carbon nanotubes 



Fig. 7.14. Branched molecular wire structure (extracted from [7.128b]) 
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Fig. 7.15. Proposed intramolecular circuit structure (extracted from [7.136]) 


[7.138]. The structures were built on silicon oxide surfaces by electron beam 
lithography. An aluminum film was used as gate electrode. The Fermi level of 
the nanotube can be tuned between the valence band to gap, and conduction 
band by adjusting the gate voltage, covering the whole doping regime of 
p-type to n-type. 

Intramolecular logic gates have been demonstrated based on single CNT 
doped at separate sections [7.139], By using nanowires of p-type silicon 
and 71-type gallium nitride, circuitries with various logic functions can be 
achieved [7.140]. The p-n diode behavior was derived from the crossed single 
nanowires. The basic computation processes have also been demonstrated 
based on the nanowire-derived logic gates. 

The nature of molecular conductivity has been gaining increasing atten¬ 
tion. It has evolved as a multidisciplinary topic that sees effort from synthetic 
chemistry, physical chemistry, solid state physics, and so on. It is evident that 
even though conceptual aspects have been explored for about three decades, 
we are still at an early stage in our attempts to fully understand the mech¬ 
anisms governing the process of electric conduction across molecules. More 
rigorous studies are needed to further advance our knowledge in this impor¬ 
tant field. 
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Fig. 7.16. Logic function of the intermolecular circuit (extracted from [7.136]) 



8 Single Molecule Fluorescence Imaging and 
Spectroscopy: Far-Field Studies 


8.1 Introduction 

8.1.1 Fluorescence of Molecules 

The preceding chapters have focused on single molecule studies based exclu¬ 
sively on electrical and mechanical properties. Since optical characteristics 
are vital to the understanding of single molecule properties, we focus the 
following chapters on the optical properties of single molecules. These data 
represent fundamental aspects in our understanding of single molecules. This 
section provides a brief introduction of the principles of molecular fluores¬ 
cence, and the main factors that affect the fluorescence of molecules. 

The fluorescence of molecules is generated by the transition from an ex¬ 
cited state to a ground state. The excitation is achieved by absorbing excit¬ 
ing photons, typically on the order of 10“ 15 second. The electron spin in the 
singlet excited state is opposite to that in the ground state. Therefore, the 
transition from the singlet excited state to the ground state does not require 
spin adjustment. The excited electronic state consists of vibrational energy 
levels with much smaller energy spacings. Once in the excited singlet state, 
the molecule will relax to the vibrational and rotational equilibrated state 
in approx 10“ 12 second, followed by a transition back to the singlet ground 
state (typically in 10 -9 second), as illustrated in Fig. 8.1 [8.1,8.2]. 

Conversion from the singlet excited state to the first triplet state is a 
slow process (known as intersystem crossing, ISC, that accompanies the 
fluorescence-generating transition between singlet states. The electron spin 
in the triplet state is parallel to that in the singlet ground state. Therefore, a 
transition from the triplet state to the ground state is forbidden. Such emis¬ 
sion is known as phosphorescent, and the lifetime is typically in the range of 
milliseconds to seconds. 

In brief, the fluorescence emission of molecules can be described as a four- 
step process [8.3]: 

(1) Electronic excitation from the ground state to an excited singlet state 

(2) Internal relaxation in the excited state 

(3) Radiative decay from the excited state to the ground state 

(4) Internal relaxation in the ground state. 
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Fig. 8.1. Energy diagram for fluorescence and phosphorescence processes 


For both biological and organic species, the fluorophores can sustain only lim¬ 
ited irradiation before irreversible structural changes occur that lead to com¬ 
plete loss of fluorescence. There are several photo-induced processes known 
to cause inactivation of a fluorophore [8.3-8.5], including: 

- Photooxidation 

- Photoionization 

- Photodissociation 

- Photoisomerization 

- Photochemical transformation of fluorophores by multiphoton process. 

In addition, the intcrsystcm crossing (ISC) between the excited singlet state 
to the triplet state could also represent a dark state in fluorescence. A typical 
dye molecule could emit 10 5 -10 6 photons before photobleaching. Considering 
the detection efficiency of about 1-5%, there would be 1,000 to 50,000 pho¬ 
tons available for single fluorophore molecule spectroscopy. With an improved 
collection speed of about 500,000 datapoints per second, one could follow the 
real-time trajectories of fluorescence intensity of single fluorophores. 

In the photooxidation process, the fluorophore in the triplet state re¬ 
acts with ground-state molecular oxygen through a triplet-triplet annihila¬ 
tion process, generating singlet oxygen and ground-state fluorophores. The 
ground-state fluorophores can be further irreversibly oxidized by the singlet 
oxygen. 

Another mechanism of photobleaching is multiphoton absorption of the 
long-lifetime triplet state, in which the triplet state becomes highly reactive 
and irreversible photochemistry may occur. The photon antibunching effect 
can be explained by the fact that the photon emissions of single fluorophores 
should be separated by the recovery time of the ground state (on the order 
of nanoseconds). The effect can be measured by using a dual-beam setup 
known as the Hanbury-Brown-Twiss correlator [8.6], and characterized by a 
dip in the autocorrelation function of the fluorescence intensity [8.7,8.8]. The 
effect has been demonstrated at low temperature [8.9], room temperature 
[8.10,8.11], as well as in solutions [8.12]. 
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A generally adopted method to reduce the effect of photobleaching is 
by adding reduction agents to remove oxygen and hydroxyl radicals. Typical 
agents include mercaptoethanol, or a mixture of catalase and glucose oxidase. 

The fluorescence behavior is also known to depend on excitation power. 
Three characteristic regimes can be typically observed [8.3], The absorption 
time is the dominant factor at low excitation power, and the fluorescence 
intensity is correlated linearly with the excitation intensity. At intermediate 
excitation intensity, the lifetimes for absorption and excited state are com¬ 
parable. As a result, saturation of excited states will occur, the fluorescence 
showing only weak dependence on the excitation intensity. At even higher 
laser intensity, the excited state lifetime is dominant and the fluorescence 
intensity is independent of the excitation power. The experimental tempera¬ 
ture may affect the saturation behavior of single molecules by coupling with 
the local phonon mode, such as for the broadening of linewidth at increased 
temperatures for single pentacence molecules in para-terphenyl [8.13]. 

A typical experimental spectrofluorometer setup for studying fluorescence 
includes a light source such as a xenon arc lamp or mercury lamp, polarizers, 
excitation and emission monochromators, and photomultiplier tubes (PMTs). 


8.1.2 General Considerations for Experimental Setup 

One of the criteria to observe single molecule fluorescence is the excitation and 
collection efficiencies. In the confocal experiment configuration, the detection 
volume (for both solid and liquid media) should be appropriate to contain 
single molecules at experimental concentrations. A typical detection volume 
is on the order of 1 fl or 1 pm 3 . The excitation beam needs to be highly 
focused to achieve such small detection volumes. 

By contrast, a completely different set of experimental conditions are re¬ 
quired for the wide-field experiments. Larger detection volumes have been 
used with wide-field epi-illumination or total-internal-reflection (TIR) com¬ 
bined with charge-coupled device (CCD) detection. This approach can detect 
large numbers of mobile molecules simultaneously. 

Photon emission during transition from the excited singlet state to ground 
state is characterized by the radiative rate k r . The non-radiative rate k nr 
describes the energy dissipation due to collisional quenching. The fluorescence 
lifetime is then determined by [8.14]: 

T = (k T T &nr) 

Fluorescence excitation can be achieved mainly by four approaches: 

(1) Wide-field epifluorescence illumination 

(2) Total internal excitation 

(3) Confocal excitation 

(4) Near-field excitation. 
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Common to both confocal and wide-held configurations, minimizing back¬ 
ground interference is an important condition for obtaining high-quality re¬ 
sults. Main contributing factors to the background noise include [8.15]: 

(1) Dark count of photodetector 

(2) Autofluorescence of optics 

(3) Impurities in the matrix or solvent 

(4) Fluctuation of the detected signal 

(5) Scattering from the matrix or solvent. 

Several types of detectors have been used effectively for single molecule stud¬ 
ies: 

(1) Back-thinned charge-coupled device (CCD) with quantum efficiency (QE) 
up to 90% 

(2) Intensified CCD, with higher frame rate but reduced QE (<40%) 

(3) Electron-multiplying CCD with single molecule sensitivity. 

The signal-to-noise ratio for single molecule fluorescence measurements is 
influenced by a number of factors [8.16]: 


S/N 


Vs 

i + V&Js 


where S is the number of detected photons, and S' the number of detected 
background photons: 


S = r) c r)aN 
S' = aVN 
a oc | d ■ n \ 2 

where d is the absorption dipole moment, n the polarization of the incident 
beam held, r] c collection efficiency, r; fluorescence quantum yield, a absorption 
cross section, N the number of incident photons. Parameter a depends on the 
matrix properties and collection efficiency. 

The orientation of molecular dipoles will affect both the absorption cross 
section and the collection efficiency. In addition, it was pointed out that for 
large numerical apertures, higher collection efficiency should be expected for 
studying molecules adjacent to surface or interfaces. 

Both absorption and emission spectra can be used to detect single 
molecules. However, because of low signal-noise ratios, many studies have 
adopted emission spectra as the main experimental approach. It should be 
noted that the absorption resolution can be enhanced in the near-held situ¬ 
ation [8.17]. 

In brief, the general conditions for performing single molecule analysis 
are: 

(1) Small excitation volume that contains only one molecule (femtoliters for 
confocal microscopy, picoliters for how experiments) 
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(2) High-efficiency collection optics 

(3) High signal-noise ratio of detectors, such as avalanche photodiodes 
(APD), photomultiplier tubes (PMT), and high-sensitivity CCDs. 

8.1.3 Criteria of Single Molecule Identification 

Optical characterizations of single molecules by fluorescence, Raman and 
near-field scanning optical microscopy (NSOM) have been intensively pur¬ 
sued. The endeavor is beneficial to reveal inhomogeneities and dynamics at 
single molecule level in various environments, such as low temperatures, so¬ 
lutions, and polymer films. The results could serve to develop the conceptual 
exploration of using single molecules as sensors in nano-environments. This 
is of particular interest in applications dealing with single biomolecules in 
solutions. 

Fluorescence imaging of single fluorophores have led to detailed informa¬ 
tion about local environments, such as [8.3—8.5,8.17—8.19]: 

(1) Better knowledge of property distributions in both homogeneous and 
inhomogeneous systems 

(2) Dynamic and statistical information of individual molecules 

(3) Possibility to study new effects and intermediate species. 

This information can provide important insight into the environment in the 
immediate vicinity of single molecules, which can not be obtained from en¬ 
semble averaged studies. There are several criteria adopted for single molecule 
detections: 

(1) The occurrence of fluorescence signal is proportional to the fluorophore 
concentration whereas the signal intensity remains unchanged 

(2) Photobleaching should occur with characteristic “on” and “off’ states 

(3) Observation of spectral jumps 

(4) Saturation of fluorescence intensity by excitation laser 

(5) The overall number of detected photons should coincide with that esti¬ 
mated for a single fluorophore 

(6) Antibunching effect from correlated fluorescence spectra. 

It has been proposed that single molecule species can be differentiated from 
their fluorescence lifetime decays in time-correlated single photon counting 
measurements [8.20]. By combining the time-correlated single photon count¬ 
ing (TCSPC) method and fluorescence correlation spectroscopy (FSC), one 
is better equipped to identify the fluorophore properties of: 

- Absorption spectrum 

- Fluorescence spectrum 

- Fluorescence quantum yield 

- Fluorescence lifetime 

- Anisotropy. 

Such multiparameter experiments on single molecules are very helpful in dif¬ 
ferentiating different fluorescence molecules [8.20], 



188 8 Single Molecule Fluorescence Imaging and Spectroscopy 

8.2 Single Molecule Imaging in Far-Field Configuration 

8.2.1 Imaging by Confocal Fluorescence Microscopy 

A confocal microscope uses the same optics for excitation beam focusing and 
fluorescence detection in reverse pathway [8.21]. A general feature in confocal 
imaging is the placement of a small pinhole in the illumination as well as the 
reflected beams. The pinholes are designed to enable imaging of the focal 
plane of the imaging objective. As shown in Fig. 8.2, the excitation beam is 
focused onto the sample surface after a dichroic mirror and focusing lens. The 
probe area at the sample surface is restricted by the diffraction limit, with 
an approximate diameter of 1 pin and a height of around 2 pm, by spherical 
aberration of the optical lens. The excitation and detection volumes (typically 
about 1 fl) are defined at the focal point of the focusing lens. The emitted 
fluorescence photons pass through the same lens and the dichroic mirror, 
followed by a pinhole (around 50-100 pm in diameter) and filter, and are 
eventually collected by a photomultiplier detector (PMD). 

Confocal microscopy can be operated to study fluorescence spectroscopy 
at fixed positions, as well as in large areas in the scanning mode. The ap¬ 
plication in fluorescence spectroscopy studies is presented in the following 
sections. 


8.2.2 Wide-Field Imaging: Epi-Illumination Microscopy 

The imaging capability of a camera is limited by the readout time in the 
order of kHz in frequency, and optical limitation to a few tens of nanometers 
in spatial resolution. With a large numerical aperture (NA = n sin q, q is the 
collection half-angle, and n the refraction index of working medium) of the 
microscope lens objective, the lateral viewing field is typically around several 
hundred micrometers and the depth of focus less than a few micrometers. 



Fig. 8.2. Schematic of confocal fluorescence microscope. Details are provided in 
the text (extracted from [8.21]) 
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Fig. 8.3. Schematic of total internal reflection configurations 


There are three types of excitation configurations in wide-field microscopy: 

(1) Epi-illumination 

(2) External reflection 

(3) Total internal reflection (TIR) illumination 

In the total internal reflection scheme (Fig. 8.3), an evanescent field is char¬ 
acterized by exponential decay in intensity [8.22]: 


I — Io exp 
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where Io is the laser beam intensity at the interface, A the wavelength under 
vacuum, n the refractive index of the optically dense medium, z the dis¬ 
tance from the interface, and 9 and do the beam incident angle and critical 
angle, respectively. The penetration depth of the evanescent field in TIR con¬ 
figuration is restricted to about a few hundred nanometers. Therefore, the 
excitation volume will be confined to the vicinity of the liquid—solid interface. 
This property is highly beneficial to single molecule analysis. 

Recently, evanescent excitation by means of a metal-clad configuration of 
a nanometer-sized metal ivaveguide was demonstrated [8.23], The effective 
detection volume can be as small as zeptoliter (10 -21 1), and excitation is 
due to the evanescent light within the nanometer-sized pores (so-called zero¬ 
mode waveguide). Such detection assays could enable single molecule studies 
at relatively high concentrations. 


8.3 Low-Temperature Studies of Single Molecules 
in Solid Matrices 

8.3.1 Observation of Single Molecules in Crystalline Matrix 

The first evidence of single molecule fluorescence was demonstrated at low 
temperatures using either emission or absorption spectra. The single molecule 
of terrylene doped in the para-terphenyl was shown to be a possible venue 
for realizing single molecule probes. The observation of absorption spectrum 
of single pentacene molecules doped in the para-terphenyl was carried out in 
superfluid helium at 1.6K [8.24,8.25], The experiment at low temperatures on 
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Wavenumber (cm -1 ) 



Excitation frequency 


Fig. 8.4. Fluorescence spectra of pentacene in the form of (A) melt-grown crystal, 
(. B ) sublimation flake, and (C) single molecules. ( D) is the calibration spectrum of 
an etalon (extracted from [8.27]) 


terrylene molecules distributed in matrices of p-terphenyl crystals showed the 
spectral diffusion or random jumps of optical spectrum lines. The molecules 
at this temperature can be simplified as a two-level system involving only 
the singlet ground and the excited states. The vibrational relaxation and 
intercrossing transition are much slower than for the fluorescence transition. 
The spectrum is typically a single phonon line. 

Frequency-modulation Stark double modulation (FMS) and frequency- 
modulation ultrasound double modulation (FMUS) methods have been used 
to reduce background signals, yielding similar absorption spectra for single 
pentacene molecules in the wings of the absorption spectrum [8.24]. 

Similar behavior was observed for fluorescence excitation spectra of pen- 
tacenes doped in the para-terphenyl at 1.8 K (Fig. 8.4) [8.25]. It was found 
that the spectra peaks can display sudden drops and surges during experi¬ 
ments (Fig. 8.5), which can be attributed to orientation flips of the phenyl 
ring of the host molecules as a result of optically induced changes in environ¬ 
mental conditions [8.26]. 

In analyzing fluorescence intensities, a common approach is to obtain the 
autocorrelation function defined in the following: 


N -1 


G ( r ) = 9(t)9{t + r) 

t =o 


(8.1) 
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Fig. 8.5. Example of sudden change of excitation spectrum possibly due to hole¬ 
burning process (extracted from [8.25]) 


where N is the total number of time intervals for data collection, and g(t ) 
the detected fluorescence intensity. The results reveal the coherence of the 
fluorescence emission process, such as the emission lifetime. 

It is known that the spectra characteristics of individual terrylene mole¬ 
cules in para-terphenyl matrices are sensitive to the insertion sites. A total 
of four fluorescent frequencies have been observed and attributed to different 
immobilization sites in the matrix [8.27]. The transition between the spectral 
features can be induced by light illumination. Such frequency jumps were at¬ 
tributed to local environmental change in response to the change in geometry 
of single terrylene molecules in the excited state. 

With improved detection sensitivity and high-quality crystals, the emis¬ 
sion spectra of single pentacene embedded at Ol and 02 sites in para- 
terphenyl can be obtained at 1.7 K [8.28]. The spectra characteristics for 
these sites can be resolved and used for unambiguous identification. It was 
also suggested that host lattice disorders in the vicinity of the molecular sites 
could significantly alter the characteristic features of the spectra. 

In another type of single molecule study, the fluorescence-based assess¬ 
ment of single perylene molecules in the Shpol’skii matrix of n-nonane led to 
the identification of a triplet lifetime of 1.1 ± 0.5 ms [8.29], well exceeding the 
fluorescence lifetime of perylene in ethanol and n -octane of 7 ± 2 ns [8.30], 
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The so-called Shpol’skii effect was first observed as narrow spectra fea¬ 
tures of aromatic hydrocarbons dissolved in n-alkane and fast frozen in liquid 
nitrogen [8.31-8.34]. The multiplet spectra were shown to originate from the 
different orientation of the guest molecules. The orientation of the fluorophore 
dipole moment was obtained by adjusting the polarization angle of the ex¬ 
citation beam and recording the fluorescence intensity. The analysis of the 
multiplet structure of single 2,3,8,9-dibenzanthanthrene (DBATT) molecules 
in a matrix of n-tetradecane revealed two distinct orientations [8.35] that 
are related to the two 0-0 bands in the ensemble spectrum. In addition, the 
spread of orientations within each distribution can be attributed to local 
fluctuations in matrix orientation (Fig. 8.6). 

The 0-0 transition, also called zero-phonon line (ZPL), represents the 
transition between ground vibrational levels of the electronic ground state 
and excited state. At far below the Debye temperature, the linewidth of 
ZPL is narrow due to the weak coupling between electronic excitation and 
phonons. Under the influence of an external electric field, the position of the 
ZPL can be shifted as a result of changes in the dipole moment of the excited 
state. Shifts of ZPL can also be induced by external pressure as a result of 
pressure-induced compression of the local matrix [8.36]. 

The observed decay in autocorrelation function provides information on 
the yield and lifetime of the triplet states, as illustrated in Fig. 8.7 [8.25]. 
Double exponential decay behavior was reported for pentacene [8.37], terry- 
lene [8.38], terrylene-diimide [8.39], and DBATT [8.40], The decay constants 
represent the characteristic dwell time of the triplet states, with possibly two 
of three sublevels (T x and T y levels) having similar dwell times. 

In addition, the fluorescence properties of terrylene-diimide can be studied 
from 1.4 K to room temperature. The vibrational features on the fluorescence 
spectrum of single terrylene-diimide have also been obtained in a hexadecane 
matrix [8.39]. 

Single molecule spectroscopy measurements of the type 2 light harvest¬ 
ing complex (LHC 2) of the purple bacterium Rhodopseudomonas acidophila 
at 1.2 K revealed features associated with the excitation of pigments. The 
LHC 2 complex consistes of two concentric rings with absorption bands at 
around 800 and 860 nm. The ring of the 800-nm absorption band (B800) is 
formed with 9 BChl a molecules equally separated along the ring. By con¬ 
trast, there are 18 BChl a molecules closely packed along the ring with the 
860-nm absorption band (B860). By comparison of the fluorescence spectrum 
of the ensemble and individual LH 2 complex, it was concluded that the ex¬ 
citation is localized on individual BChl a molecules in the B800 ring, and 
is delocalized among BChl a molecules in the B860 ring [8.41]. The photo- 
bleaching of a single BChl a molecule will lead to complete quenching of the 
ring assembly [8.42]. 
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Fig. 8.6. Histograms of the dipole orientation of 456 single DBATT molecules at 
different frequencies (extracted from [8.35]) 

8.3.2 Pump—Probe Effects 

The pump-probe method has been developed to explore laser-molecule inter¬ 
actions. In this approach, two excitation beams are simultaneously used, one 
being the pump beam that is near-resonant with the two-level system, and the 
other beam having weaker intensity than the pump beam. Under the field of 
the pump beam, the singlet energy levels are shifted as a result of the electric 
field of the pump beam (also called light-shift effect). The original ground 
and excited singlet states evolve into a new set of eigenstates (or dressed 
molecules/atoms), due to molecule(or atom)-field coupling. The experimen- 
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Fig. 8.7. Autocorrelaton function of fluorescence intensity of single pentacence 
molecules (extracted from [8.25]) 


tal evidence for such a process is seen through a splitting in the spectrum 
from the excited state to a third level, the so-called Autler-Townes splitting 
that can be detected by the absorption spectrum of the probe beam. The 
frequency difference between the dressed states is called the Rabi frequency. 
Such investigations are important to the study of molecular non-linear optical 
properties. 

Pump-probe experiments on dibenzanthanthrene (DBATT) embedded in 
naphthalene crystals also revealed strong light shifts as a function of pump de¬ 
tuning [8.43,8.44]. A deviation from second-order perturbation was observed 
when the pump beam was close to the molecular resonance. Furthermore, ad¬ 
ditional structures were observed that could be attributed to hvper-Raman 
structures. 

When a weak rf power was used, rather than the pump beam, Brunnel 
et al. [8.45] demonstrated in the system of dibenzanthanthrene (DBATT) in 
hexadecane (HD) matrix that one could study laser-molecule coupling by 
measuring the frequency splitting between dressed states, or Rabi transition. 

There exist reports of the AC-Stark effect of single terrvlene and penta¬ 
cence molecules in a matrix of para-terphenyl at 1.8 K [8.46,8.47], as well as 
terrylene molecules in a polymer host of polyethylene [8.48]. The electric field 
of the pump beam was shown to have an appreciable effect on the transition 
frequency, i.e., light shift. The light shift was found to vary linearly with 
the intensity of near-resonant pump beam. In addition, a dephasing effect of 
the fluorescence spectrum was observed at single molecule level in condensed 
matrix environments [8.45,8.49]. 

Non-linear optical effects have also been reported for single molecules. 
For example, two-photon excitation of single diphenyloctatetrane (DPOT) 
distributed in n-tetradecane (TD) has been demonstrated [8.50]. The zero- 
phonon line of DPOT at 444 nm rvas excited by two photons of 888 nm 
of the excitation laser. In addition, a laser-induced shift of the zero-phonon 
line was identified and ascribed to the AC Stark effect and C—H band ex¬ 
citation, followed by “fast” energy exchange between the acoustic phonon 
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and the local vibration mode of the DPOT-TD system [8.51], Two-photon 
processes of single molecules were also demonstrated in ambient and solvent 
conditions [8.52,8.53]. 


8.3.3 Magnetic Resonance of Single Fluorescence Molecules 

Since the unpaired electrons in triplet states lead to a total spin S = 1, the 
spin—spin interaction results in the splitting of the triplet sublevels. The tran¬ 
sition between the triplet sublevels can be achieved by magnetic resonance 
effects induced by the microwave irradiation and observed in the fluorescence 
spectrum. The results can provide insight into molecular spin dynamics under 
the influence of external fields. 

Optical detection of single molecule magnetic resonance transitions of 
triplet states of pentacene has been reported [8.54-8.58]. Such studies are 
complementary to the detection of spin centers b} r the electron tunneling 
effect or magnetic force measurements discussed in Chapters 2 and 4. Mi¬ 
crowave excitation was introduced during the dark time of single molecule 
fluorescence cycles to study the magnetic resonance of triplet states (total 
spin = 1). The triplet sublevels, represented by the T^, T y and T z states 
(Fig. 8.8), were separated by distances on the order of 0.1 cm -1 as a result 
of dipolar spin-spin interaction. 

The sublevels have quite different populations and lifetimes, compared 
with that of the excited singlet state. T^ and T y are much more populated 
than the T^ state, due to the selectivity of the intersvstem crossing process 
[8.59], By tuning the population of the triplet sublevels with microwaves, one 
can observe changes in the fluorescence intensity [8.54,8.55,8.57], 

The pentacene, terrvlene molecules in the p-terphenvl matrix showed 
characteristic asymmetric resonance spectra that can be associated with the 
second-order hyperfine interaction between the triplet electron spin and the 
nuclear spin [8.54-8.58]. The hyperfine structures of the electron spin param¬ 
agnetic resonance of the triplet state of single pentacene-di 4 molecules were 
reported by Kohler et al. [8.60], The deuterium-substituted pentacene dis¬ 
played a much reduced linewidth of magnetic transition as a result of the 



Fig. 8.8. Diagram of energy levels in magnetic resonance measurements of the 
triple states (extracted from [8.54]) 
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smaller magnetic moment of deuterium, compared with that of hydrogen 
(about 15% ). A similar effect of pentacene-hu molecules interacting with 
13 C nuclear spin was also observed with different resonance width and posi¬ 
tions [8.61]. 

As an application of the ODMR, the orientation of the single molecule 
with respect to the external magnetic field (up to 10 mT) can be deter¬ 
mined [8.62]. The ODMR effect was also shown to distinguish isotopomers of 
pentacenece [8.63]. 


8.4 Single Fluorescence Molecules in Liquid Conditions 

8.4.1 Experimental Considerations 

Upon studjung single molecules in solution conditions, experimental designs 
different from that of low temperatures have been developed. The detection 
of single molecules in solution environments has been achieved in several 
approaches with minimized detection volumes [8.64,8.65]: 

(1) By using the hydrodynamic focusing effect, the sample stream is nar¬ 
rowed to diameters of 1-20 pm by parallel high-speed sheath flow. The 
laser is typically focused to a diameter of about 10 pm, which will result 
in a detection volume of 1-10 pi. This will allow reliable detection of the 
analyte molecules present in the excitation volume. 

(2) Using free-falling microdroplets with diameters in the micrometer range 
can also lead to detection volumes around 100 fl or less. The analyte 
molecules are dissolved in the droplet. An electrodynamic trap is used to 
control the microdroplet in the laser field. 

(3) Minimized detection volumes can also be obtained in microcapillarics and 
microstructures with diameters of a few micrometers. The probe volume 
can be on the order of a few picoliters. 

(4) Confocal excitation can achieve a volume of about 1 fl, or 1 pm 3 . 

(5) Total internal excitations and high-resolution microscopy for studying 
single fluorophores at surfaces. 

Additional improvement of signal-noise ratio can be obtained by photobleach- 
ing the solvent prior to introducing analyte species. 

Data analysis can be carried out using autocorrelation, as presented 
in Eq. (7.1) or by weighted-quadratic-sum filter for analyzing individual flu¬ 
orescence bursts [8.65]: 


k—1 

s i t ) = X^( T )^ i + r ) 2 

t =0 

where uj(t) = (t + 1 )/k for r = 0 to k — 1 , otherwise cj(t) = 0. 

Different from the criteria for single molecule identification at low temper¬ 
atures, the identification of single molecules can be made with the following 
signature: 
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(1) Fluorescence spectra 

(2) Fluorescence lifetime 

(3) Burst size 

(4) Time-resolved fluorescence anisotropy. 

Detection of single dye molecules (rhodamine derivatives) with fluorescence 
above 600 nm was achieved with a CW diode laser or helium neon laser in 
conjunction with a confocal microscope [8.66]. The fluorescence background 
from impurities was significantly reduced in this frequency regime. The use 
of CW diode and helium neon lasers can help reduce equipment costs. 


8.4.2 Examples of Fluorescence of Single Molecules in Solutions 
Identification of Single Fluorophores 

Identification of single fluorescence molecule events has been reported in 
several studies. For example, individual chemifluorescence reaction events 
between radicals of 9,10-diphenylanthracene (DPA) have been observed by 
analyzing the intensity trajectories of the photon emissions [8.67]. The his¬ 
togram of the time intervals between photon emissions was shown to follow 
a Poisson distribution, which suggests the nature of individual events. Fang 
and Tan [8.68] used the evanescent wave produced by total internal reflec¬ 
tion of a laser inside an optical fiber (both cylindrical and squared-shaped) 
to observe individual rhodamine 6G (R6G) molecules, and demonstrated the 
linear dependence of the number of observed dye molecules on the bulk con¬ 
centrations. 

With high detection sensitivity of a confocal fluorescence microscope, the 
trajectories of single fluorescence molecule can be followed in solutions, in¬ 
cluding R6G in ethanol and water, and fluorescein in mcrcaptocthanol solu¬ 
tion. The observed averaged dark time between emissions revealed the triplet 
state lifetime (4-6 ps) of single molecules and the time scale for diffusional 
re-crossing of the detection volume [8.69], 


Conformation Effect of Single Fluorophores 

The effect of internal structures on molecular fluorescence has been demon¬ 
strated on single molecule level. Detailed analysis of single molecule flu¬ 
orescence of tetrahedrally coordinated oligophenylenevinylene (TOPV) re¬ 
vealed significant fluctuation in polarization axis in association with the mo¬ 
tion of the central carbon atom, suggesting that luminescence is dependent 
on the conformation of the molecule [8.70], By analyzing the fluorescence 
distribution of single fluorophores of tetramethylrhodamine linked to DNA 
oligonucleotides, a wide range of fractions of long lifetime decay was revealed. 
This was explained by the conformational transitions of individual oligonu¬ 
cleotides, and was not observable in ensemble average studies [8.71,8.72]. 
Conformational dynamics of single tRNAPhe molecules was also studied in 
terms of their fluorescence lifetime distributions [8.73], A burst-integrated 
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fluorescence lifetime scheme (BIFL), which combines the macroscopic detec¬ 
tion time and arrival time of the photons, was proposed to study the single 
molecule conformational dynamics [8.74]. 


Adsorption and Diffusion of Fluorophores 

Many interesting results have been reported on the adsorption and diffusion 
of single molecules. The single green fluorescence proteins (GFPs) showed 
greater intensity fluctuations than that of the organic fluorophores [8.75]. 
Studies of autofluorescent proteins (eCFP, eGFP, eYFP) adsorbed on phos¬ 
pholipid membranes showed a typical emission rate of about 3,000 photon 
ms -1 , saturation intensities in the range 6—50 kW cm -2 , and photobleaching 
yields of 10 -4 to 10 -5 . Diffusional properties of single eYFP molecules in free 
and anchored states have also been studied [8.76]. 

Epi-illumination microscopy was also applied to determine the binding of 
oligonucleotides or ligands with probe and target sequences labeled with dif¬ 
ferent fluorophores. Dual-wavelength fluorescence labeling was shown to dis¬ 
tinguish the specifically bound molecules from the physisorbed species [8.77, 
8.78], 

The intensity trajectory of single dilCig molecules was seen to be affected 
by the microenvironment of lipid membrane DPPC [8.79]. For lipid mono- 
layers of DPPC, the characteristic fluctuation time changes from 440 ms to 
over 1 s with increasing surface pressure, whereas for the lipid bilaycr the 
fluctuation time is on the order of 2 s. The cause of the intensity fluctuation 
was ascribed to the twisting motion of the dilCis molecule that is affected 
by the lateral fluctuations of lipid tailgroups. 


Chemical Reactivity of Single Fluorophores 

The reactivity of single molecules is one of the exciting topics in single 
molecule studies. This information could have impacts on the fundamen¬ 
tal understanding of the reaction pathways. Epifluorescence microscopy with 
TIR excitation was used to directly visualize individual ATP dissociation 
and association events by single-headed myosin enzyme molecules (S-l) in 
solutions [8.80], The attachment of single fluorophores to the myosin enzyme 
molecules was identified by the discrete distribution of fluorescence intensity. 
The dissociation rate was determined from the lifetime measurement of the 
fluorescent spots. 

The fluorescence behavior of cholesterol oxidase (CO x ) enzyme molecules 
is characterized by the state of the flavin adenine dinucleotide (FAD). FAD 
is fluorescent in the oxidized state and fluorescence is “off” for the reduced 
state FADH 2 . The enzymatic activity can be studied by assessing the in¬ 
tensity trajectories with stochastic on and off emissions [8.81], The analysis 
of the fluorescence intensity trajectories of single CO x molecules on 2 mM 
5-pregene-3/?-20a-diol substrate revealed a disordered distribution of the re¬ 
action rate. The cause for such static disorder could be different conformers, 
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Fig. 8.9. Schematic of the rotational movement of an actin filament in the presence 
of myosin molecules. The excitation was circularly polarized. The detection of the 
rotation was achieved by monitoring the linear polarized components in vertical 
and horizontal directions (extracted from [8.84]). 


post-translation modification, or proteolytic damages to the key residues of 
the enzyme. A memory effect was observed for the adjacent on-times, and 
this effect was diminished for events separated by 10 turnovers. The dynamic 
disorder of the reaction rate can be analyzed from the autocorrelation of 
on-times of the single enzyme molecules. 

Single molecule reactivity of the enzyme lactate dehydrogenase (LDH-1) 
in electrophoretic flow can be resolved by fluorescence spectroscopy [8.82]. 
A fourfold difference of activity was observed among the single enzyme 
molecules, possibly related to molecular conformations. Large variations in 
single molecule enzymatic activity were also observed for alkaline phosphatase 
[8.83], 


Movement of Molecular Motors 

In another case of single molecule studies, the one-dimensional sliding of 
myosin molecules along an actin filament has been directly visualized with 
an inverted epifluorescence microscope [8.84]. The actin filament has a right- 
handed helical structure with a pitch of about 72 nm (Fig. 8.9). Under 
the given experimental conditions, the fluorescence (5-iodoacetamidotetra- 
methylrhodamine)-decorated actin filaments were adsorbed on top of the 
surface of a heavy meromyosin (HMM) layer in buffer solutions. The po¬ 
larization of the emitted fluorescence was observed to display periodic vari¬ 
ations as a result of orientation alternation of single fluorescence molecules 
(Fig. 8.10). The observed coherent change in fluorescence polarization was 
attributed to the axial rotation of actin filaments during sliding motion. The 
periodicity of the polarization variation was about 1 pm, suggesting that the 
myosin enzyme protein molecules may skip many pitches along the actin axis 
during sliding, and the rotational torque is not significant in actin-myosin 
interactions. 

Both orientational ordered and disordered movement patterns of single ki- 
nesin head protein along microtubules were identified depending on the stages 
of ATP hydrolysis observed by epifluorescence polarization microscopy [8.85]. 
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Fig. 8.10. Time series of periodic variations of observed intensity for vertical and 
horizontal polarized components (extracted from [8.84]) 


The rotation of a molecular motor, Fl-ATPase, was also directly visualized 
by a far-held microscope [8.86]. High-precision experiments on enzyme move¬ 
ments have been carried out based on various optical techniques, such as 
video-enhanced difference interference contrast microscopy [8.87]. 


8.4.3 Single Molecule Diffusions in Living Cells 

Attempts to study single fluorescent molecules inside living cells have pro¬ 
gressively advanced in the past few years. By tightly focusing the laser beam 
into a living cell, one can observe photon-burst of fluorophorcs inside the 
cells. The main obstacles for studying single molecules inside living cells are 
cellular autofluorescence, such as for flavinoids in the visible regime. Several 
approaches can be used to reduce the cellular fluorescence background: 

(1) Decrease of the excitation volume [8.88,8.89] 

(2) Utilization of time gating with a fluorophore of much longer fluorescence 
lifetime than those of flavins [8.90,8.91] 
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Fig. 8.11. Schematic of an optical tweezers-assistecl method for studying diffusion 
of single protein molecules anchored in the membrane of the cell wall (extracted 
from [8.98]) 


(3) Short photobleaching treatment with intense light pulse before actual 

experiments. 

The intracellular diffusion rates of organic dyes (R6G and synthetic oligonu¬ 
cleotides) and fluorescently labeled biomolecules (transferrin, an iron trans¬ 
port protein) were found comparable to those in aqueous solution [8.92]. This 
is consistent with the results of earlier studies [8.93,8.94], By contrast, macro¬ 
molecules were found to have lower mobility inside cells than was the case 
in water. 

Single protein molecules of R-phycoerythrin (RPE), an autofluorescent 
protein with high quantum yield and extinction coefficient, were imaged by 
epifluorescence microscopy in the cytoplasm and nucleoplasm of TC7 cells. 
The protein molecules move slowly enough to allow one to collect multiple 
frames of images to identify their trajectories inside the cell. A broad distribu¬ 
tion of diffusion constants of single RPE molecules was obtained, the values 
being 2.7 mm 2 s -1 in cytoplasm and 1.1 mm 2 s -1 in nucleoplasm [8.95]. 
The binding and diffusion behavior of single receptor molecules to the liv¬ 
ing cell membrane was demonstrated with an objective-type total internal 
reflection fluorescence microscope [8.96,8.97]. The diffusion of single protein 
molecules of 1-receptor in the outer membrane of living Escherichia coli bac¬ 
teria was studied with the aid of optical tweezers (Fig. 8.11) [8.98], The 
protein molecule was attached to a bead that can be manipulated by the 
optical tweezers. The measured diffusion constant of the protein molecules 
was 1.5 ± 1.0 x 10 _9 cm 2 s -1 . 

In another study, green fluorescent proteins (GFP) attached to the cell 
membrane protein E-cadherin were observed by the evanescent field excita¬ 
tion method. The E-cad-GFP were found to be in the form of oligomers, 
based on the observed higher fluorescence intensities, compared to that ex¬ 
pected for monomers. The oligomers diffuse either in Brownian motion or 
confined/stationary mode [8.99]. The progress on single autofluorescence pro¬ 
tein molecules has been reviewed recently [8.100]. 
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The potential of single molecule detection techniques in molecular biology 
was demonstrated in the study of infection pathways of individual adeno- 
associated virus adsorbing and penetrating living cell membranes [ 8 . 101 ]. 
The results could help reveal the details of virus-cell interactions. 


8.4.4 Single-Pair FRET 

Fluorescence resonance energy transfer (FRET) is a unique method to mea¬ 
sure the separation variation between donors and acceptors. The concept is 
based on the energy transfer in donor-acceptor pairs due to dipole-induced 
dipole interaction. In this method, both the donor and acceptor are attached 
to a single molecule, and only the donor is activated by the excitation beam. 
The change of the donor-acceptor separation is subtly reflected in the emis¬ 
sion intensities of the donor and acceptors. Such experiments are powerful 
in studying intramolecular structural variations, and revealing the reaction 
kinetics of single biomolecules under physiological conditions. 

The technical aspects and applications of single molecule FRET have 
been described in several review papers [8.102-8.104], The labeling methods 
to attach fluorophore to target molecules are summarized in the following: 

( 1 ) Single fluorophore as a point light source. This is applicable to study the 
diffusion of single molecules. 

( 2 ) Co-localization of non-interacting fluorophorcs on different macromolc- 
cules. Such labeling enable studies of the kinetics of association, binding 
and turnover events. 

(3) Co-localization of interacting fluorophores on one and the same molecule 
or different molecules. This would allow one to study fluorescence reso¬ 
nance energy transfer (FRET) mechanisms. 

(4) With the capability of analyzing emission polarizability, the angular mo¬ 
tion of molecules can be studied. 

A green fluorescent donor dye and a red fluorescent acceptor dye were at¬ 
tached to cysteine residues introduced at the amino and carboxy termini of a 
cold-shock protein from the hyperthermophilic bacterium Thermotoga mar- 
itima (CspTm), as illustrated in Fig. 8 . 12 . The donor was excited by laser 
irradiation and the energy transfer to the acceptor, which could be observed 
as fluorescence emission of both acceptor and donors (Fig. 8.13) [8.105]. The 
energy transfer process is sensitive to the separation between donor and ac¬ 
ceptor, as shown in Forster’s equation [8.107]: 

where Ro is the distance of 50% energy transfer, dependent mainly on fluo¬ 
rophore properties and relative dipole orientation, and 7 is a correction factor 
accounting for the wavelength dependence of the detection efficiency and the 
quantum yields, id and 7 a are corrected emission intensities of donor and 
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Fig. 8.12. Schematics of the protein structures and the dye labels of donor and 
acceptor groups, a Folded protein structure, b—d Unfolded proteins (extracted from 
[8.105]) 


acceptor, respectively [8.102]. The apparent FRET efficiency for each burst 
can be estimated as the ratio of acceptor counts to the sum of acceptor and 
donor counts. A wide range (16-85%) of single-pair energy transfer efficiency 
has been reported [8.5]. 

Intramolecular single-pair FRET analyses on the surface-bound enzyme 
staphylococcal nuclease (SNase, which catalyzes the hydrolysis of DNA and 
RNA) revealed the anticorrelated emission of donor and acceptor spectra 
(Fig. 8.14) [8.106], The acceptor emission prevails at early stages, followed by 
a switching to donor emission-dominated spectra (Fig. 8.14b). The transition 
is an indicator of photobleaching of acceptors: 

F§ = 8.79 x 10 23 (n ■ ip D - J - k) 2 

where n is the index of refraction of the medium, the donor quantum 
yield, k 2 (= 2/3) the orientational factor, and J the spectral overlap of donor 
emission and acceptor absorption spectra. 

It has been established that the presence of SNase active-site inhibitor 
deoxvthymidine diphosphate (pTp) significantly increases the characteristic 
time scale for the fluctuation of energy transfer efficiency, as a result of hin¬ 
dered rotational dynamics and temporal fluctuations [8.106]. 

The measured distribution of energy transfer efficiencies of single CspTm 
molecules suggests an estimated upper limit of reconfiguration time of about 
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Fig. 8.13. Solvent (guanidinium chloride, GdmCl) effect on the FRET efficiency 
of CspTm proteins. Open circles are ensemble data, and filled circles are single 
molecule data. The change in FRET efficiency represents variations in end-to-end 
distance (extracted from [8.105]) 


25 ms. This provides an example of using single molecule fluorescence spectra 
to study the dynamics of folding processes of proteins [8.105]. 

spFRET studies of single protein chymotrypsin inhibitor 2 (CI2) mol¬ 
ecules freely diffusing in solutions have been carried out [8.108]. The CI2 
molecules were site-specifically labeled with dye pairs of Cy-5 (acceptor) and 
tetramethylrhodamine (TMR, donor). The effect of the denaturant concen¬ 
tration, guanidinium chloride, on the folding-denaturization process can be 
directly observed through the histograms of FRET efficiencies. The time scale 
for interconversion between folded and denatured states of the single protein 
molecules was found to be less than the diffusion-limited observation time 
(about 1 ms). It was also demonstrated that the distributions of FRET ef¬ 
ficiency can be converted into potential energy functions, providing helpful 
insights into protein folding pathways. 

Fluorescence studies of single enzyme molecules have greatly enhanced 
the capability of examining the kinetic properties of enzymatic processes, 
such as in cholestrol oxidase experiments. Transient intermediates can be 
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Fig. 8.14. a Dual-color image of doubly labeled SNase enzyme molecules. Donor 
emission is represented by green and acceptor emission is represented by red. Exci¬ 
tation laser is 514 nm (Ar + laser, 15 Li W). b Emission spectra of donor ( squares ) 
and acceptor (circles). The inverse correlation of the emission intensities is evident 
(extracted from [8.106]) 


revealed during real-time observations, and time-dependent trajectories can 
yield valuable dynamic information [8.109], 

The single-pair fluorescence resonance energy transfer (spFRET) method 
was applied to study the stability of hairpin DNA structures immobilized 
on functionalized glass surfaces [8.110]. It was found, for a hairpin structure 
with a loop size of 40 adenosines and a stem of seven or nine bases, that the 
open-state lifetime is much longer than the closed-state lifetime. In addition, 
it has been confirmed that the closed-state lifetime is dependent on the stem 
length and independent of the loop structures. 

By modifying a single-stranded DNA with a fluorophore at one end and a 
quencher at the opposite end, a target-specific method was developed. Such 
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probe molecules, also called molecular beacon DNA probes, can be used to ef¬ 
fectively detect the DNA hybridization process at single molecule level [8.111], 

As an example, individual three-helix junction RNA molecules were la¬ 
beled with fluorescein dye (donor) and Cy3 dye (acceptor) at two separate 
ends. The three-helix molecules were immobilized on the surface through 
biotin-streptavidin interaction. There is a binding site in one of the helix 
arms that can bind ribosomal protein SI5. The binding of the S15 protein 
can induce the folding of the junction molecule. The measured fluorescence 
distributions clearly revealed the difference between folded and open confor¬ 
mations as a result of SI5 protein binding [8.112], In addition, the folding 
effect due to the presence of divalent ions Mg 2 " 1 " was studied. The observed 
conformational change of the junction molecule under the influence of Mg 2 " 1 " 
concentration was used to estimate the dissociation constant. It was shown 
that the dynamics of the conformation change under protein or Mg 2 " 1 " can be 
followed in real time. 

The dependence of the FRET efficiency on the donor—acceptor separa¬ 
tion was directly studied by using a series of oligonucleotides end-labeled 
with TMR (donor) and Cy5 (acceptor) [8.113]. The single oligonucleotide 
molecules were in free diffusion state in buffer solutions. The fluorescence 
bursts passing through the excitation volume were recorded to obtain the 
FRET efficiencies. It was demonstrated that the observed FRET efficiency 
histograms can also be used for ratiometric studies of the subpopulation 
species. 

The FRET efficiency measurement of the protein construct cameleon 
YC2.1 was found to be highly dependent on the Ca 2+ concentration in the 
environment [8.114]. This protein construct has been used as a ratiomet¬ 
ric indicator of Ca 2+ in solutions. The detailed analysis of the histograms of 
FRET efficiency at different Ca 2 " 1 " concentrations revealed fluctuations due to 
local calcium concentration, which affects the binding kinetics [8.114,8.115]. 
The emission ratio of Detran-SNARF-1 pairs immobilized in agarose gel was 
shown to be sensitive to pH values [8.116], The binding of ligand-receptor 
pairs of biotin-streptavidin was studied by the FRET method. The rho- 
damine (donor) labeled biotin and cyanine (acceptor) labeled biotin molecules 
were coadsorbed on the streptavidin pre-covered substrate. Dual-wavelength 
imaging by epifluorescence microscopy helped identifying the colocalization 
of biotin ligands. The observation of FRET effects by illuminating at donor 
excitation wavelength confirmed the co-localization of the ligand pairs [8.117], 
It was further demonstrated that by measuring polarizations of the ligand- 
receptor pairs formed by biotin and streptavidin, the dynamics of energy 
transfer can be studied. The observation has implications in assessing orien¬ 
tational behavior within the ligand-acceptor pair. 
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8.5 Single Molecules in Other Support Media 

8.5.1 Single Molecules in Polymer Hosts 

Polymers, such as poly (methyl methacrylate) (PMMA) or polystyrene (PS), 
have been used as matrix material for a number of single molecule studies. 
The free volume of the polymer matrix makes it possible to immobilize indi¬ 
vidual molecules at room temperature. The study of the carbocyanine probe 
molecule, 1 ^'-dioctadecyl-S^S'^'-tetramethylindocarbocyanine perchlorate 
(DilCis), revealed little translational and rotational diffusion [8.118]. The 
results could also be considered as a reflection of local heterogeneity and 
dynamic properties. 

The single carbocyanine molecule, ld'-didodecyl-S^^^S'-tetramethyl- 
indocarbocyanine (DilC^), embedded in poly(methyl methacrylate) 
(PMMA) film was resolved by epi-illumination microscopy [8.119]. An appre¬ 
ciable shift of emission spectrum peak position of up to 30 nm was observed 
and attributed to environmental perturbation of the radiative emission. A 
Gaussian-like lifetime distribution was obtained for the single molecules lo¬ 
cated at the polymer-air interface, with a correlation to the fluorescence peak 
wavelength. By contrast, the control experiment at hydrocarbon oil—polymer 
interfaces produced only a scattered distribution for fluorescence lifetime. The 
observed variation of fluorescence lifetime was suggested to be an effect of the 
presence of the dielectric interface, which modifies the radiative component 
of the decay process through the expression [8.120]: 

1 1 1 

— — -+- 

T Aion—rad Aad 

The dipole molecule is located at distance z from the interface with az¬ 
imuthal emission angle 0 e from the interface normal. r non _ ra d and r ra d are 
non-radiative and radiative lifetimes, respectively. The quantities L^/L^ 
and L^/Lqo represent normalized radiated power, and become unity when 
the molecule is far away from the interface. It can be seen that the emission 
lifetime depends on the molecular orientation, and this could lead to new 
experimental approaches to estimate emission orientation. The radiative rate 
is proportional to the third power of the emission frequency [8.5]. 

It was found both theoretically and experimentally that the emission be¬ 
havior of molecules can be appreciably affected by the presence of a proximal 
metal probe. The enhancement of fluorescence may be associated with the 
local electric field [8.121,8.122] or localized plasmon, as in the case of gold- 
coated glass tips [8.123]. Not surprisingly, the orientation of the fluorescence 
molecule is found critical to the simulation of the observed apparent fluores¬ 
cence distribution patterns. 

Single molecules of crystal violet (CV) dispersed in a matrix of poly 
(methyl methacrylate) (PMMA) displayed distinctive site-dependent fluores¬ 
cence characteristics shown in Fig. 8.15, namely, a strong fluorescence inten¬ 
sity/relatively long-lifetime spot and low intensity/short-lifetime spot [8.124], 
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Fig. 8.15. Site dependence of fluorescence decay lifetime of CV fluorophores em¬ 
bedded in PMMA matrix (extracted from [8.124]) 


The difference was attributed to the local free volume variation of the poly¬ 
mer matrix. 

The rotation behavior of single rhodemine 6G (R6G) molecules in poly 
(methylacrylate) (PMA) with glass transition temperature of Tg = 8°C 
shows characteristics of multiple time scales in autocorrelation function at 
temperatures close to Tg [8.125], The single R6G molecules have a rather 
low lateral diffusion constant in the polymer melt, and the rotation of the 
molecules was measured in terms of linear dichroism. The measured fluores¬ 
cence intensity displayed sudden changes, reflected as distinct characteristics 
in the autocorrelation function. This is a direct indication that single molecule 
dynamics are sensitive to local environmental changes. 

The measured spectral diffusion of single tetra-tert-butylterrylene (TBT) 
embedded in poly (isobutylene) (PIB) thin films at 1.4 K revealed a wide 
range of spectral linewidths and distinct dependence on the excitation in¬ 
tensity (Fig. 8.16) [8.126]. The autocorrelation function changes from mono¬ 
exponential step at low excitation intensity to logarithmic decay at high ex¬ 
citation intensity. This was is attributed to the coupling of dopant molecules 
with multiple two-level systems (TLS) of the matrix molecules at high exci¬ 
tation intensities. 

By measuring the autocorrelation function of fluorescence of single terry- 
lene distributed in a matrix of polyethylene, one can investigate the stability 
of the TLS, and their coupling strength with phonons [8.127]. (The stability 
of some TLSs was found to be on the order of a few hours.) 
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Fig. 8.16. Example of spectral diffusion of TBT showing different linewidths (ex¬ 
tracted from [8.126]) 


Single molecule studies have also been performed on co-polymer poly(p- 
phenylene vinylene) (PPV) and poly(p-pyridylene vinylene) (PPyV). Both 
segments of the co-polymer are conjugated species and known for light- 
emitting properties. Statistical analysis of fluorescence behavior of the single 
molecules revealed three characteristic, discrete levels of fluorescence inten¬ 
sity [8.128]. It was concluded that the discrete fluorescence intensities could 
reflect the quenching effect of photochemical defects during the migration of 
excitons within the polymer chain. This observation could provide clues for 
the intramolecular electronic energy transfer between segments of polymers. 

Single molecule spectroscopy was applied to study the guest-host interac¬ 
tion between cyanine dye (pinacyanol) and second-generation polyphenylene 
dendrimer [8.129], Different association structures were observed depending 
on the guest to host ratio. The molecules were embedded in a matrix of 
polyvinylalcohol (PVA). By modulating the incident beam polarization, a 
coherent modulation of fluorescence intensity corresponding to single d} r e 
molecules was identified. In addition, a reduced triplet lifetime was observed 
for the dye molecule encapsulated in the dendritic host, compared with dye 
molecules in the PVA host. The difference was attributed to the larger free 
volume for the dendritic host. 

The orientation of fluorophore components in bichromophoric molecules 
embedded in polymer hosts was be analyzed using the modulated fluorescence 
intensity traces (MFITs) method [8.130], In this approach, the polarization 
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direction of the excitation laser was rotated at various frequencies, and the flu¬ 
orescence polarization of single molecules was recorded accordingly. The mea¬ 
sured azimuthal angle between the chromophores in the polarization plane 
was approximated by Monte Carlo simulations. 

Intramolecular vibrational features of single fluorophores in a matrix of 
crystallite and polymer were obtained by the fluorescence excitation tech¬ 
nique. This approach resembles the resonant Raman method in that the 
molecules are electronically excited. The downward shift of long-axis ring ex¬ 
pansion peaks for the amorphous sites was ascribed to the greater free volume 
of the polymer matrix [8.131,8.132], 

Significant on/off blinking of individual green fluorescent protein (GFP) 
molecules, S65/S72A/T203F (T203F) and S65G/S72A/T203Y (T203Y), dif¬ 
fering in terms of hydroxy group near the fluorophore, in polyacrylamide gels 
was found at room temperature during illumination by 488-nm light [8.133]. 
The autocorrelation times of both T203Y and T203F were shown to depend 
on the illumination intensity. The difference in the magnitude of this depen¬ 
dence is indicative of the effect of hydroxyl groups in the process of chro- 
mophore activation/inactivation. In addition, the non-fluorescent dark state 
could be switched into emission state by illumination of a 405-nm wave¬ 
length laser. A three-state reaction mechanism was proposed to account for 
the switching behavior of GFPs. 

8.5.2 Lateral Diffusion Behavior of Single Molecules 

The diffusion trajectories of fluorophores in both two- and three-dimensional 
matrices can be recorded by observing the fluorosphore positions. The study 
of the diffusion of individual molecules could lead to useful insight into the 
matrix environment in the direct vicinity of single molecules. The measure¬ 
ments can also be adapted to study single molecule diffusion inside living 
cells. Quantitative measurements can be performed in terms of: : 

- Diffusion of ensembles of single molecules, 

- Single molecule diffusion trajectory in two dimensions, and 

- Three-dimensional diffusion trajectory deduced from intensity variation. 

Real-time diffusion of rhodamin-6G (R6G) and single-stranded DNA mol¬ 
ecules in water was measured by using an optical microscope equiped with 
an intensified charge-coupled device (ICCD) camera with TIR excitation 
configuration. A generally smaller diffusion coefficient and longer lifetime 
were found for the R6G-DNA complex, compared with those of the dye 
molecules [8.134]. The three-dimensional diffusional trajectories of single Nile 
red molecules embedded in a matrix of poly (acrylamide) (PA A) gel have been 
observed in the view field [8.22]. 

Protein molecules of concanavaline A conjugated with 5- (and 6-) carboxy- 
tetramethylrhodamine succinimidyl ester (ConA-TAMRA) in solutions on 
fused-silica surfaces were studied with single molecule accuracy with TIR 
excitation configuration [8.135]. The observation of the residence time distri¬ 
bution confirmed that the protein molecules were attracted to the surface by 
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long-range electrostatic interaction, rather than direct immobilization on the 
substrate surface. 

The diffusion of single fluorescence-labeled lipid molecules in phospho¬ 
lipid membranes was shown to be characterized by high positional preci¬ 
sion [8.136]. As an example, two distinct mobility components for the diffu- 
sional motion of single lipid molecules were shown to have values of 4.4 and 
0.07 pin 2 s _1 , by using the probability distribution function method [8.137]. 
The same molecule, when embedded in a polymer matrix, was constrained 
in a corral of radius about 140 nm at a time scale below 100 ms. 

In an effort to distinguish single fluorophores, a formalism was described 
based on conditional probability density for identifying co-localized fluo¬ 
rophores [8.138]. The probability of N fluorophores in a signal of intensity 
I ± AI can be expressed as: 


p(N | I ± AI) 
p(I ± AI | N) 
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Pn(I) can be calculated recursively, given the known probability density func¬ 
tion for single fluorophores: 

p N (i)= f dr n 

The reliability function can be expressed as: 

r(N I / ± AI) = P(N\I±AI)-P(N±1\I±A1) 
y 1 ' p(N I I ± AI) +p(N ± 1 I 7 ± AI) 

The criterion for fluorophore assignments is r > 0.25. The approach was ap¬ 
plied to the stoichiometry analysis of the aggregation of fluorescence-labeled 
biotin-streptavidin complexes in a phospholipid membrane [8.139]. 

The lateral diffusion of single fluorescent-labeled lipid molecules (TMR/ 
POPE, l-palmitoyl-2-oleolyl-sn-glycero-3-phosphoethanolamine (POPE) der- 
ivatized with 5-(and 6-)carboxy-tetramethylrhodamine succinimidyl ester 
(TMR)) at a length scale of 100 nm was observed to be in agreement with 
the random walk model, and differed from the ensemble averaged behavior. 
The measurement was based on the mean-square-distance versus measure¬ 
ment time delays. The measurement of individual TMR/POPE molecules 
revealed an exponential decay behavior typical for the random-walk model. 
The exponential decay factor showed a corresponding diffusion coefficient 
(1.4 ± 0.3 x 10 -8 cm 2 s -1 ) similar to the value obtained from the slope of 
the ensemble averaged statistical plot (1.42 ± 0.23 x 10 8 cm 2 s x ). The dif¬ 
fusion coefficient also revealed inhomogeneities in the fluidic lipid membrane. 

Similar studies have been performed on phospholipid bilayers and poly¬ 
mer-supported phospholipid monolayers by measuring the probability density 
functions [8.19]. 
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The observation of fluorescence intensities of sparsely distributed rho- 
damine B molecules on silicon oxide surfaces resulted in quantized histograms, 
and such features were also used in estimating fluorophore numbers within 
each observation spot [8.140]. 

Similar studies on the interface effect have been performed with adsorbed 
dye molecules on surfaces of glass or silica, both with and without covalent at¬ 
tachments. Generally, the data demonstrate reduced fluorescence lifetime due 
to charge transfer to and from the localized states on the surface [8.141-8.144]. 
The heterogeneous structure of surfaces can result in non-exponential decay 
behavior. In addition, the fluorescence quenching effect of energy quencher 
molecules (azulene) was studied using surface-adsorbed single molecules of 
tetramethvl rodamine (TMR) [8.143]. 

The measurement of the emission spectra of single cresyl violet molecules 
adsorbed on indium tin oxide (ITO) surfaces showed a strong variation in flu¬ 
orescence lifetime, which was ascribed to heterogeneous interactions between 
the adsorbate and substrate [8.145], 


8.5.3 Fluorescence from Single Atomic Clusters and Defects 

Fluorescence of single atomic clusters of Ag n (n = 2-8) was observed from 
photoillumination [8.146] and electrical activation (by applying either DC or 
AC voltages) [8.147], Similar electroluminescence was observable with Cu n 
clusters at higher dc voltages. The emission characteristics of single semicon¬ 
ducting nanocrystals have also been reported [8.148,8.149]. 

Individual nitrogen-vacancy defects in diamonds have been identified as 
stable luminescent centers. The optically detected magnetic resonance of in¬ 
dividual N-V centers indicated different splitting parameters, which could be 
attributed to the strain-induced differences among the centers [8.150]. 

Single photon emission from single molecules of terrylene in para-terphenyl 
matrix [8.151], dibenzanthanthrene (DBATT) in hexadecane (HD) matrix 
[8.152], and nitrogen-vacancy (NV) centers in diamonds [8.153] were demon¬ 
strated. 

The study of NV centers in nano crystalline diamonds showed photosta- 
bilitv similar to that of bulk diamonds [8.154]. 


8.6 Tip-Induced Single Molecule Fluorescence 

Tunneling electrons from STM tips have been shown as a source for exciting 
photon emission of Cgo molecules adsorbed on Au(110) 1x2 surfaces [8.155]. 
The mapping of the photon emission from the C6o-covered surface can be 
correlated with the STM topography image recorded quasi-simultaneously, 
with a spatial resolution of about 4 A. The contrast of emission mapping 
does not depend on the tip polarity at ±2.8 V. 

Fluorescence excitation was also achieved by injection of energetic tun¬ 
neling electrons. This excitation was localized at submolecular level with the 
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aid of an STM tip. The fluorescence of a C6o monolayer on a Au(lll) surface 
was measured at 78 K at tip bias voltage 2.3 V. A spectral peak centered at 
around 1.65 eV w T as ascribed to the fluorescence from Cqo molecules. This 
value is close to the energy difference between HOMO and the Fermi level 
(about 1.7 eV) [8.156], 

Tip-induced fluorescence was shown in Zn(II)-etioporphyrin I adsorbed 
on NiAl(llO) surfaces [8.157]. It was found that the fluorescence spectra are 
sensitive to molecular conformation. It is probable that the combination of 
spatial resolution of the STM technique and single molecule spectroscopy will 
yield further information useful in understanding the nature of molecular flu¬ 
orescence. In a related study, fluorescence of Cu-tetra-[3,5-di-t-butylphenyl] 
porphyrin (Cu-TBPP) was observed with a high bias voltage around 6.0 V 
and tunneling current of 5.0 nA [8.158]. 

8.7 Dynamics of Single Polymeric Molecules 
Studied by Fluorescence Microscopy 
and Related Techniques 

As an extension of fluorescence microscopy, it would be worthwhile to switch 
attention to studies focusing not on the behavior of single fluorescence 
molecules, but rather on single molecules labeled w r ith multiple fluorescence 
molecules. The experimental techniques arc also expanded to include those 
results that are of high relevance to the fluorescence observations. These in¬ 
vestigation mostly involve polymeric molecules and biomolecules, and have 
been extensively pursued using fluorescence microscopy. The advantage of flu¬ 
orescence microscopy in terms of large viewing field, contrasting with atomic 
force microscopy, makes it a unique technique for studying the dynamics of 
long molecules. The importance of such studies can be found in fields such as 
polymer physics and biophysics, for topics such as the reptation process, en- 
tropic force, and conformational variations of single molecules. This has been 
presented in many review articles and books. Here, we document several case 
studies using mainly DNA molecules, to exemplify progress of more general 
interest. 


8.7.1 Dynamics of Single Macromolecules in Solutions 

It has long been realized that an entangled chain macromolecule should move 
along a path defined by its own contour under topological confinements, 
as described in the reptation model [8.159—8.162], The observation of sin¬ 
gle macromolecules under various confinement conditions has enabled direct 
verification of theoretical predictions. 

The direct observation of self-diffusion of DNA molecules using fluores¬ 
cence microscopy in solutions confirmed the agreement with the reptation 
model. However, a deviation from the standard scaling exponent was ob¬ 
served for short DNA segments over a range of concentrations, indicative 
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of microscopic effects at single molecule level [8.163]. By using fluorescence 
correlation spectroscopy, the dynamics of DNA molecules was shown to be 
consistent with the model for semiflexible chains under hydrodynamic inter¬ 
action. The autocorrelation function was shown to be sensitive to the fluo¬ 
rescence label densities [8.164]. 

The effort to detect and separate molecular species at single molecule 
level has been seen for many years. Representative studies can be found in 
the development of electrophoresis techniques. The pursuit of single molecule 
resolution in the electrophoretic separation process has stimulated exciting 
advances in this field. 

The migration of polymers (DNA, polyelectrolyte molecules) under the 
influence of an electric field has been studied both theoretically and experi¬ 
mentally over decades. The understanding of electrodiffusion mechanisms is 
crucial in developing techniques for separating molecules of different mass 
(electrophoresis). The important parameters of the migration process are 
the gyration radius of the molecules, and the characteristic pore size of the 
gels. A number of studies have introduced model structures such as two- 
dimensional arrays of posts prepared by microlithographical methods [8.165- 
8.167]. The results confirm that the DNA molecules are moving in a free- 
draining state when not attached to the posts, and the time duration for 
molecules remaining attached to the posts was shown to be a function of 
molecular length. It was also pointed out that simple post arrays would 
not lead to a significant range of electrophoretic mobility [8.165], In a dif¬ 
ferent design of post array that includes narrow entrance and branching 
points, the mobility was shown to have strong dependence on the molecu¬ 
lar length [8.165]. 

The combination of confocal microscopy with capillar}' gel electrophoresis 
was shown to enhance the on-column sensitivity of DNA molecules [8.168]. 
Several improvements have been implemented to improve signal-noise ra¬ 
tios, including optimizing the intercalating dyes and digital photon counting 
interface. A thiazole orange derivative (T06) was found to be a sensitive 
intercalator. The capability of counting single DNA molecules in the flow 
measurements was supported by the autocorrelation function of the dilution 
series recording the fluorescence bursts of the pass molecules. An on-line sen¬ 
sitivity of a few hundred M13 DNA (7,250 bp) molecules was demonstrated. 

Single molecule fluorescence detection was shown applicable in the quanti¬ 
tation of /?-actin DNA (838 bp) labeled by YOYO-1. By consecutive recording 
of the molecular distributions, the molecular migration mobility was obtained 
and used as a parameter for screening DNA molecules from impurities [8.169]. 
It was also reported that the presence of PEO could significantly reduce the 
impurity-associated background fluorescence. With appropriate criteria, it 
was shown that the observed (3 -actin DNA population contained in the de¬ 
tection volume is proportional to the bulk concentration. 

The hydrodynamic screening effect in the electrophoretic movement of 
single DNA molecules was studied using micrometer-sized arrays and the 
DNA molecules symmetrically hooked to the posts. A generalized depen- 
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Fig. 8.17. Fluorescence image of DNA molecule under different pulling speeds of 
a magnetic bead, a 0.2 pm s -1 ; b 5.0 pm s -1 ; c 42 pm s -1 (extracted from [8.175]) 


dence of the collision time and travel distance on the impact parameter was 
described [8.170]. It was found that the thinner array led to higher extensions 
and slower relaxation rate under flow conditions [8.171]. The observation con¬ 
firms that the total drag force for polyelectrolyte molecules is independent 
of the molecular conformation, and the hydrodynamic interaction can be ad¬ 
justed by the level of confinement. 

Dynamic behavior of single DNA molecules in shear flow has been stud¬ 
ied with fluorescence microscopy. Fluorescence-labeled lambda bacteriophage 
DNA (A-DNA) has been studied in various flow conditions by means of video 
fluorescence microscopy. A steady shear flow can induce temporal fluctuations 
in the conformation of single A-DNA molecules [8.172]. 

In clongational flows, or flow with a velocity gradient along the flow di¬ 
rection, the stretching behavior of A-DNA molecules has been shown to be 
related to various conformations, such as dumb-bell, half dumb-bell, coiled, 
folded and kinked molecules, in both steady and sudden flows [8.173,8.174], 

The friction coefficient of single DNA molecules in solution was measured 
by the magnetic bead method [8.175]. The DNA molecule was attached to 
the magnetic bead by means of a linker of streptavidin, and pulled by an 
external field (Fig. 8.17). The concurrent fluorescence microscopy observa¬ 
tion showed strong conformation change at different pulling velocities. The 
measured friction coefficient was constant at low velocity, and became non- 
linearly dependent on high pulling velocities when the contours of the DNA 
molecule was highly deformed. 

8.7.2 Single Molecules Moving Through Channels 

The transportation of single molecules across membranes can be monitored as 
an ionic current signal [8.176-8.178], Although this is not a fluorescence detec- 
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Fig. 8.18. a Schematic of DNA molecules passing through a lipid bilayer, b The 
translocation of single DNA molecules is reflected in the sudden blockade of ionic 
current (extracted from [8.180]) 


tion approach, we consider it as of great importance to the study of macro¬ 
molecule dynamics, and therefore this information is presented as a com¬ 
plementary section. The transportation of single-stranded oligonuncleotides 
through nanopores embedded in phospholipid bilayers can be monitored by 
sudden changes in ionic current across the bilayer (Fig. 8.18) [8.179,8.180]. 
The nanopores were formed by self-assembling a-hemolysin (a-HL) in the 
bilayers. The probability of the molecule entering via the nanopore opening 
can be derived from the distribution of the time intervals between successive 
entering events, and was shown to depend strongly on the electric potential 
and temperature, but only weakly on the sequence of the DNA molecules. 
The interaction between the oligonucleotides and the channel was evidenced 
by the sharp transition of translocation time as the molecular length ap¬ 
proaches that of the channel stem. A dependence of translocation duration 
time on the DNA sequence was also observed. These data could provide use¬ 
ful insight into transmembrane channeling processes. The driving force for 
single-stranded DNA through a-HL nanopores can be estimated by [8.180]: 

F ~ zeV/d 

where ze is the effective charge per base, V the voltage drop across the 
nanopore, and d the distance between adjacent bases (about 4 A). 
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Strong dependence of the measured ionic current level and apparent 
translocation velocity on the oligomer length (or base number N ) was iden¬ 
tified for N < 12. This is equivalent to the a-HL pore length. In addition, 
the translocation velocity was found to depend non-linearly on the applied 
voltage, considered to be associated a with a possible confinement-induced 
drag force. 

It was shown that when cyclodextrins were introduced to the inside of 
the nanopores of a-HL, selectivity in ligand bindings can be achieved [8.181, 
8.182], The kinetics of binding events of the analyte to cyclodextrins can be 
characterized by the stochastic behavior of ionic currents. 

By covalently attaching single-stranded DNA to the nanopore formed by 
a-HL, the kinetics of duplex formation can be studied as the second oligonu¬ 
cleotide molecule enters the nanopore and is translocated through the mem¬ 
brane under the electric field [8.183]. Enthalpy barriers for unzipping events 
of double-stranded DNA oligomers through a-HL nanopores were obtained 
from the distribution of blockade time durations [8.184], The effects of tem¬ 
perature, voltage, and ionic concentrations on the unzipping rate were also 
demonstrated. 

In another study, microlithographically fabricated channel structures were 
used to investigate the channeling process of single DNA molecules [8.185, 
8.186]. The real-time observation of the migration process of long-chain DNA 
molecules through an entropic trap formed by a 90-nm channel revealed that 
the escape energy barrier is independent on the chain length. This is because 
the escape of the polymer from the entropic trap is initiated by stretching 
a small part of the polymer, rather than the whole molecule. The measured 
mobility increases with the polymer chain length. This is because bigger 
polymers have more monomers facing the channel to form beachhead for 
escape. 

Separation effects based on entropic recoiling of long DNA molecules pass¬ 
ing through nanofluidic channels have been observed [8.186,8.187], The re¬ 
coiling of long-strand DNAs was controlled by a pulsed electric field. Whereas 
the short-stranded DNA may be fully entrapped inside the channel, a por¬ 
tion of long DNAs may remain outside the channel. Once the electric field 
is removed, the long DNAs undergo a recoiling process that enables the sep¬ 
aration of DNA molecules of different contour lengths. A multistage setup 
involving similar interfaces was proposed to further enhance the separation 
power. 


8.7.3 Migration of DNA Molecules on Flat Surfaces 


The conformation relaxation and self-diffusion dynamics of long DNA mol¬ 
ecules adsorbed on cationic lipid bilayers was directly visualized using fluo¬ 
rescence microscopy [8.188]. The DNA molecules (A-phage) can be modeled 
as strongly adsorbed to the cationic surface, and the diffusion is restricted in 
the two-dimensional regime. The diffusion behavior can be characterized by 
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Fig. 8.19. a Schematic of the setup for studying DNA movement on a lipid bilayer 
surface b Fluorescence images of 10,090-bp A-DNA segments (bar equals 10 pm) 
at 2-seconds intervals, c Center of mass movements (extracted from [8.189]) 


the movements of the center of mass, and was found to be in good agreement 
with Rouse dynamics (Fig. 8.19) [8.188]. 

Fractioning effects have also been found for DNA molecules on silicon 
oxide and silane-modified Si surfaces [8.189]. These two surfaces represent 
different levels of interactions between DNA and support surfaces. The polar 
silicon oxide surface interacts with DNA more strongly than does the silane- 
modified Si surface. The ability to separate molecules was attributed to the 
friction between the surface and adsorbed DNA segments. A qualitative illus¬ 
tration can be proposed by dividing the surface-bound DNA structure into 
two portions, a part that adsorbs directly to the surface and a part that 
extends into solution. Under the influence of an applied electric field, when 
considering independently the electrophoretic motion of the adsorbed portion 
or the portion in solution, information on the free draining process is gained. 
The molecular dynamics simulation results showed that the corresponding 
mobilities are independent of the chain length, and the mobility is higher for 
DNAs in solution than is the case for strong interacting surfaces. This sit¬ 
uation corresponds to a strongly interacting surface (where DNAs are fully 
adsorbed to the surface) or a weak interacting surface (where DNAs mostly 
extend into the solution). It is important to note that in the intermediate 
interacting regime, the surface-bound DNA will have both the adsorbed part 
and the part that extends into solution. The segment of adsorbed DNA is 
qualitatively proportional to the total chain length, leading to different mo¬ 
bilities. This study indicates that flat surfaces can be utilized to separate 
molecular motions of surface-bound polymeric species. 
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8.7.4 Single Molecule Condensation of DNA 

The condensation of DNAs into compact structures is a common process for 
native genomes. The controlled bending and kinking of DNAs are possible 
with enzymes [8.190], ions [8.191,8.192] or polyamincs [8.193,8.194]. For ex¬ 
ample, it was found that the Cro protein can induce DNA bending, and the 
bend angles of DNA were different for specific and non-specific sites [8.190]. ft 
is known from extensive studies that many factors influence the packing pro¬ 
cesses. There is evidence suggesting, that naturally occurring polyamines in 
living cells, such as spermine, spermidine and putrescine, can exert a sub¬ 
stantial effect on the packaging process of DNAs in bacteria [8.195] and 
viruses [8.196]. However, the role of polyamines in the higher-order conden¬ 
sation of chromatin as well as their effect on compacted DNA expression are 
yet to be fully understood. 

Many studies [8.193,8.194] have demonstrated that in vitro polycations 
(including polyamines) can condense DNAs into three main types of struc¬ 
tures, depending upon the concentration and length of the DNA molecules: 
(1) in extremely dilute solutions, long DNA molecules undergo a monomolec- 
ular collapse; (2) in very dilute solutions, microaggregates form with short 
or long molecules, and remain in suspension. Experimental data show that 
certain condensed structures such as toroids and rods [8.197-8.200] can be 
induced by polyamines in DNA solutions. 

The condensation of DNA molecules has been studied by a number of 
techniques. With fluorescence microscopy, real-time observations of DNA con¬ 
densation under the influence of solvents have provided information on the 
energy landscape of the coiled state-globule state transition of single DNA 
molecules (Fig. 8.20) [8.201]. The interaction of fluorescent (YOYO-1) labeled 
A-DNA with a silica surface, as well as an alkane thiol-modified Au surface 
by evanescent field excitation revealed that the molecular conformation and 
adsorption behavior depends on pH and solvents, suggesting a combination 
of hydrophobic (non-polar) and electrostatic interactions in the adsorption 
process [8.202]. Whereas a random coil structure of A-DNA is prevalent at 
neutral and basic pH, a condensed state results at pH < 3.0 on fused-silica 
surfaces. 

In the case of toroidal structures, and the important role of polyamines 
in vivo, understanding the organization of DNA within toroidal condensates 
and the dynamics of their formation became the focus of further studies. 
Toroidal structures have been extensively investigated by using electron mi¬ 
croscopy [8.203], light scattering [8.204], circular dichroism (CD) and hydro- 
dynamic measurements [8.197,8.205], Experimental data reveal that although 
the toroid sizes from independent preparations vary considerably [206,8.208], 
average toroid size is surprisingly unaffected by the length of DNAs being con¬ 
densed. DNA molecules ranging from 400 bp in size to genomic length can 
experience monomolecular or multimolecular aggregation to produce toroids 
similar in size [8.193]. Quantitative analysis has suggested that free energies, 
including electrostatic energy, bending energy, hydration energy and mix¬ 
ing energy, may be the main driving forces underlying DNA condensation. 
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Fig. 8.20. Fluorescence image of DNA molecules in a coiled state in solutions 
without alcohol, and b globule state in 40 vol% 2-propanol solutions (extracted 
from [8.201]) 


Among these factors, electrostatic repulsion is dominant, and condensation 
cannot occur unless ~90% or more of the charge along the DNA backbone is 
neutralized [8.204,8.209], In-depth and detailed discussions can be found in 
many studies [8.210,8.211]. 

Based on the biological implication of toroidal condensation, it was pos¬ 
tulated that the DNAs in the toroid should be arranged with certain charac¬ 
teristics, as explained by a spool-like model [8.212,8.213], which postulates 
that DNAs are wound in an orderly way to form a toroid, and by the con¬ 
stant radius of curvature model [8.214], which postulates that the DNAs are 
circumferentially wound with a constant diameter to form a toroid. Noguchi 
et al. [8.215] suggested that the formation of toroids occurs as a coil-globule 
transition of polymers, with the folding process of toroid accompanied by the 
partly coiled DNA chain. Recently, Dunlap et al. [8.216] used atomic force 
microscopy (AFM) to examine DNA in incomplete condensates induced by 
polyethylenimine, and identified, for the first time, individual DNA strands 
in the condensed state. In this experiment, DNAs were observed as being 
clearly arranged in parallel. 

Moreover, some experimental data indicate that local ordering exists in 
DNA-spennidine condensates. Very dilute solutions of high-molecular weight 
DNA in the presence of the tetravalent cation spermine show CD spectra 
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characteristic of a helical cholesteric supramolecular ordering of DNA [8.217]. 
X-ray diffraction studies of the structure of the aggregates formed by sper¬ 
midine or by trivalent cation spermidine with high-molecular weight DNA 
molecules [8.218] revealed a strong equatorial reflection, which corresponds 

O 

to a 25.5-A periodicity. These results suggest the formation of a hexagonal 
lattice (crystalline or liquid crystalline). It was also discovered that over a 
large range of spermidine and DNA concentrations, short DNA molecules can 
form liquid crystalline phases [8.194,8.219]. This result raised the questions of 
whether both the toroids and rods have similar local ordering, how the order¬ 
ing structures are arranged, and whether these structures are microdomains 
of a liquid crystalline or crystalline phase. In another study, by using atomic 
force microscopy, both monomolecular (type I) and multimolecular (type II) 
toroids were observed in different spermidine-DNA concentrations [8.220]. 
These data reveal highly localized inhomogeneity of the toroidal structures. 



9 Single Molecule Fluorescence Imaging and 
Spectroscopy: Near-Field Studies 


9.1 Near-Field Scanning Optical Microscopy 

9.1.1 Introduction of Near-Field Effect 

Conventional optical microscope has numerous advantages that have made 
it the most popular imaging system. Even with the proliferation of different 
types of microscopes today, there is no other microscope that can match all 
the advantages of optical microscopy. However, a priman r disadvantage is a 
fundamental limit to the resolving ability of conventional optical microscopy. 
The spatial resolution is about A/2, the well-known diffraction limit [9.1], on 
the order of half a wavelength. This has greatly limited the application of 
optical microscopy. 

Optical microscopy and spectroscopy have long been key techniques in 
medicine, biology, chemistry and materials science. There are a few advan¬ 
tages of optical microscopy and spectroscopy: 

Universality: All materials and samples attenuate light and have spectro¬ 
scopic states. Optical microscopy can be used for observing a wide variety of 
biological and chemical samples. 

Non-destructiveness: Optical microscopy can operate w T ith any transpar¬ 
ent fluid medium between the objective and the sample (e.g., air, water or oil), 
so the sample can be viewed in its native environment. When non-ionizing, 
visible light is used, radiation damage is negligible. Most chemical reactions 
are not perturbed by long-wavelength light. 

Convenience: In most cases, no sample preparation is needed to view speci¬ 
mens with optical microscopy. However, labeling, staining and sectioning are 
sometimes required. Optical microscopy is inexpensive and simple to operate. 
Also, optical microscopy is usually safe, and precautions are limited mostly 
to protective eyeglasses. 

Real-Time Observation: The speed of optical microscopy is limited only 
by signal-to-noise ratio considerations, and dynamic processes can be stud¬ 
ied with optical microscopy. By using ultrafast light sources, the speed can 
be extended even into the femtosecond time domain. Thus, biological phe¬ 
nomena, chemical reactions, crystallization, etc., can be observed under the 
microscope as they occur in situ or in vivo. 

In the past two decades, the idea of active subwavelength-sized light 
sources [9.2-9.4] led to single molecule detection and imaging [9.5-9.7], The 
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Fig. 9.1. Schematic of near-fielcl optics configuration 


realization of better spatial resolution by smaller light sources has led to the 
concept of near-field optics (NFO). The principle underlying this concept is 
schematically shown in Fig. 9.1. The near-field apparatus consists of a near¬ 
field light source, sample, and far-field (or near-field) detector. To form a 
subwavelength optical probe, light is directed to an opaque screen contain¬ 
ing a small aperture. The radiation emanating through the aperture and 
into the region beyond the screen is at first highly collimated, of dimension 
equal to the aperture size, which is independent of the wavelength of the 
light employed. This occurs only in the near-field regime. To generate a high- 
resolution image, a sample has to be placed within the near-field region of the 
illuminated aperture. The aperture then acts as a subwavelength-sized light 
probe that can be used as a scanning tip to generate an image. Therefore, 
this is called near-field scanning optical microscopy (NSOM) [9.2—9.10]. 

There are several contrast mechanisms proposed for near-field optical mi¬ 
croscopy that permit clear imaging of features in a broad range of samples. 
These mechanisms, in addition to absorption and scattering, include fluores¬ 
cence microscopy [9.8-9.10], polarized-light microscopy, phase contrast mi¬ 
croscopy, and differential-interference microscopy [9.11—9.14]. These are not 
easily accomplished by other techniques such as electron microscopy or X-ray 
crystallography. 

Unlike scanning tunneling microscopy (STM) or atomic force microscopy 
(AFM), imaging in NSOM is via the interaction of light with the surface by ei¬ 
ther a simple refraction/reflection contrast, or by absorption and fluorescence 
mechanisms. The advantages of NSOM are its non-invasive nature, ability to 
view non-conducting and soft surfaces, and the addition of an optical spectral 
dimension. The latter does not exist in either STM or AFM. The potential 
for extracting spectroscopic information from a nanometer-sized area makes 
it particularly attractive for biomedical research and materials science. 

There are two signal detection modes for NSOM operations. One is using 
the aperture as an illumination source [9.15]. The evanescent field at the 
aperture interacts with the sample, and the light transmitted through sample 
is collected through optical lenses as far-field signals (illumination mode). 
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The other approach is to use far-held light to illuminate the sample, and 
the NSOM probe is used to collect the generated near-held signal (collection 
mode) [9.16]. 

The two prevalent operation modes of traditional optical microscopy are 
transmission and luminescence. For NFO chemical and biological applica¬ 
tions, these will probably continue to be the most important modes, es¬ 
pecially if one includes spectroscopy measurements. Also, various rehection 
and collection mode NSOM techniques have been devised [9.8-9.10]. Fig¬ 
ure 9.2 gives several arrangements used in NSOM. There are several contrast 
methods: absorption, refractive index, rehection and fluorescence (lumines¬ 
cence), and not all of these are well understood. One can also count polariza¬ 
tion [9.11,9.12] and spectroscopy as separate modes of contrast. Furthermore, 
there are a large number of quantum effects, such as energy transfer, energy 
down-conversion and energy quenching [9.10]. The simplest optical contrast 
mechanisms in the near-held regime, e.g., refractive index, are not yet fully 
understood [9.17], and thus they are still under intensive study. Actually, 
the microscopic quantum effects are better understood than the mesoscopic 
(near-held) optical interactions. The most important consideration for sam¬ 
ple preparation is surface roughness. It is limited by the probe shape in a way 
similar to all scanning probe techniques. The sample thickness is an impor¬ 
tant factor for all transmission (forward-scattering) modes of operation, but 
not for the reflectance (back-scattering) and some “collection” modes. The 
near-held approach couples the optical resolution with the distance from the 
probe; the higher the desired resolution, the thinner the required sample. On 
the other hand, the contrast mode (absorption, refractive index) may limit 
the thickness of the sample. Even the huorescence mode may be limited by 
the thinness of the sample i.e., the absorption cross section. However, this can 
be overcome by intensity, by auxiliary huorophores, or by quantum mecha¬ 
nisms (energy transfer). Thus, various luminescence modes appear to be the 
most promising for forward-scattering near-field microscopy. 

In brief, NSOM can be applied in studies such as [9.9]: 

- Absorption imaging 

- Polarization imaging 

- Refractive imaging 

- Reflectivity imaging 

- Fluorescence imaging 

- Excitation spectra 

- Emission spectra 

- Fluorescence lifetime 

The best resolution to date has been claimed [9.9] to be about 12 nm (with 
•514-nm light). Presumably this was achieved with a 20-nm-diameter aper¬ 
ture. A signal of 50 nW has been claimed for an 80-nm aperture [9.9], Also, 
NSOM has successfully been applied in single molecule detection [9.5-9.7]. 
The integration of NSOM with fluorescence spectroscopy has enabled spa¬ 
tial resolution typically around 100 nm or less, in addition to spectroscopic 
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Fig. 9.2. Illustration of experimental setups for NSOM operation 


analyses. Such improvements have far-reaching implications in fluorescence 
studies of molecular aggregates, photochemical and photophysical processes 
at single molecule level [9.18]. 


9.1.2 NSOM Probe Designs 

By scanning an optical probe on a sample surface, near-field scanning optical 
microscopy (NSOM) can provide images with a resolution higher than the 
Abbe diffraction limit [9.3]. The resolution of the image is generally consid¬ 
ered to depend only on the probe size and the probe-sample distance [9.9]. 
Therefore, controlling the probe in close proximity to the sample surface is 
an essential issue for successful NSOM work. The probe aperture is typically 
between 30 and 100+ nm in diameter. The obtained optical information is 
unique among SPM techniques. Extensive applications in biomolecules re¬ 
search have been actively pursued world wide. 

The light source, which is the “heart” of the NFO technique, has to be 
(1) small, (2) intense, (3) durable, and (4) spatially controlled. As is well 
known, the size of the tip determines the resolution, provided that the tip can 
be scanned close enough to the sample. There are two major types of probe 
materials used in NFO: metal-coated glass micropipettes, and nanofabricated 
optical fiber tips [9.8-9.10]. Optical fiber tips and micropipettes are easily 
fabricated to sizes of approximately 50 nm, and the smallest nanofabricated 
optical fiber tip reported to date is about 20 nm [9.9]. The fabrication of 
miniaturized optical probes has assisted the development and application of 
NFO in a wide variety of fields. 

Near-field optical nanoprobes can be classified into three categories: 
passive optical probes, such as coated micropipettes or small holes on 
screens [9.8,9.19,9.20], semi-active light sources, such as optical fiber tips 
[9.3,9.9,9.10], and active light sources, such as nanometer crystal light sources 
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[9.2,9.4,9.21]. Compared to a hollow micropipette tip, a nanofabricated opti¬ 
cal fiber tip is a “semi-active” photon tip that is orders of magnitude brighter, 
easily coupled to an optical source, and at least as mechanically sturdy as a 
micropipette. It is interesting to note that the top of a fiber tip is very resis¬ 
tant to breakage. The photochemical stability of optical fiber tips is excellent 
under very intense illumination. It was found that heat could damage the 
aluminum coating at the tip. Both types of probes have been made around 
500 A in diameter without difficulties in applications as light sources. 

Optical fiber tips have been used in many fields, and can be fabricated 
either by heating and stretching or by chemical etching. The apparatus for 
fiber-tip pulling usually consists of a micropipette puller and a heating unit 
(CO 2 infrared laser or electric filament). The CO 2 laser beam or the electric 
filament in the puller is used to heat the optical fiber for the pulling process. 
The laser beam is reflected by a mirror, and directed to heat the optical fiber 
fixed on the puller. The details of the pulling setup and procedures can be 
found in a number of publications [9.3,9.4,9.9], By using appropriate program 
parameters and laser power, optical fibers can be tapered to subwavelength 
diameters. After pulling, the optical fiber tip is coated with aluminum by va¬ 
por deposition to form a small aperture. The procedure of vacuum deposition 
of metals is well known but far from trivial. A specially built high-vacuum 
chamber is employed for coating these pulled fiber tips: only the fiber-tip sides 
are coated with aluminum, leaving the end face as a transmissive aperture. 
To transform it into a light source, a visible or UV laser beam is coupled to 
the opposite end of the pulled tip. This probe delivers light very efficiently, 
since most of the radiation is bound to the core up to a few micrometers 
away from the tip. A randomly chosen O.l-pm optical fiber probe gives 10 12 
photons per second [9.21]. Using the same puller, glass micropipettes have 
been pulled with different subwavelength diameters. Both optical fiber tips 
and micropipettes have been used as optical nanoprobes. 

The metal-coated fiber tip can be further polished by focused ion beam 
(FIB) treatment to obtain a highly uniform, flat end of the probe. Such 
treatment can reduce the uncertainty caused by the metallic grains in the 
coating [9.22-9.25]. The aperture diameter of probes polished by FIB treat¬ 
ment is in the range 35—100 nm. The imaging of single fluorescence molecules 
of R6G and perylene orange with such probes has been demonstrated [9.26]. 
In the case of single perylene orange molecules, it was shown that the electric 
field at the boundary between aperture and coating may cause additional 
features in the apparent molecular topography. 

With the help of electron beam lithography [9.27,9.28] and reactive ion 
etching [9.29], a nanometer-sized aperture can be fabricated in a standard 
AFM cantilever, which allows sensing the normal force while introducing il¬ 
luminating light through the hole. The induced luminescence can also be 
collected through the probe. Such probe configuration benefits from typi¬ 
cal AFM capabilities in approaching and topography imaging. Metallic tips 
(chromium) with hollowed apertures were also fabricated with microlithog¬ 
raphy techniques (Figs. 9.3 and 9.4), and can potentially be used for simulta- 
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Fig. 9.3. Schematic of detection configuration using a microlithography fabricated 
NSOM cantilever probe (extracted from [9.30]) 



Fig. 9.4. a and b are SEM images of the probe apex. The aperture is about 130 nm. 
(extracted from [9.30]) 


neous measurements of optical mechanical, magnetic and thermal properties 
of the samples [9.30]. 

By bending the aperture end of optical fibers, a cantilever-shaped probe 
can be formed. Efficient control of probe—sample separation can be achieved 
with normal force as control parameter (Fig. 9.5) [9.31-9.33], This approach 
introduces the AFM contact or tapping mode feedback for probe approach¬ 
ing and probe-sample separation control. Cantilever-shaped optical fibers can 
also be applied to study Raman spectroscopy [9.32]. However, one should note 
that the cantilever probes often suffer from bending losses that can reduce the 
light throughput efficiency. In order to compensate such losses, higher exci¬ 
tation power should be used. It is interesting to note that the combination of 
optical and force detection could lead to new detection functions for studying 
effects such as light-induced protein conformation dynamics [9.34,9.35]. 

In another study, a rectangular-shaped cantilever mounted with an alu¬ 
minum-coated quartz tip was explored as NSOM probe, and the probe- 
sample separation was controlled as constant height in AFM operations [9.35]. 
Fluorescence-labeled protein goat anti-rat antigen can be clearly resolved in¬ 
dividually using such probes. 

The apertureless approach uses the refractive medium to focus the in¬ 
coming beam as well as signal collection [9.36]. Since this method does not 
require probe fabrication, the uncertainties of detailed tip geometry are of 
less significance. 
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Fig. 9.5. A cantilever-shapecl NSOM probe (extracted from [9.31]) 

9.1.3 Approaching Modes 

As presented in a number of reports, a widely employed technique to con¬ 
trol the probe-sample distance is that based on a shear force mechanism 
[9.37,9.38], by which oscillation of a tapered fiber optic probe excited at its 
resonance frequency is damped as the probe approaches the sample surface. 
The decrease in amplitude of the vibration probe can be detected and used 
as a distance control signal. 

The other cause for uncertainties in probe approaching by the shear force 
mechanism is the detection of change in vibration amplitude, which has been 
tackled in two different ways. The first is by means of an optical method. The 
more widely used system is based on focusing a laser beam on a modulated 
fiber optic probe, and measuring the laser spot diffracted by the probe with 
a split detector. The signal obtained from the detector is proportional to the 
vibration amplitude, and can be used in a feedback loop to perform distance 
control [9.39]. 

The second approach is based on various non-optical methods using a 
standard tuning fork [9.40], a piezo tube [9.41], piezo plate [9.42], and bi- 
morph cantilever [9.43]. The most obvious advantages of non-optical methods 
are: they do not require an additional laser source, preventing stray light from 
disturbing the measurement of the NSOM signal; they are not necessary for 
accurate alignment of the external optics with respect to the probe; and they 
are easily applied to an NSOM to operate at low temperatures, under vacuum 
or in liquids. As mentioned in the preceding section, the cantilever-shaped 
probes can be adapted to atomic force microscopy by using the normal force 
as approaching control parameter. Other non-optical methods for approach¬ 
ing include capacitance detection [9.44], and the impedance method [9.45]. 

The probe-sample approach can also be achieved by combining the optical 
detection function with STM and AFM. For a cantilever-shaped probe, the 
AFM approaching modes can be readily adapted. For a gold-coated fiber 
probe, one can use the tunneling current as the control parameter to adjust 
probe-sample separations [9.15,9.16], 
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9.2 Near-Field Scanning Optical Microscopy 
and Spectroscopy 

Advances in nanometer-resolved microscopy, spectroscopy and chemical sen¬ 
sor probes promise to bring us much closer to an ultimate goal in chemical 
analyses, i.e., the non-invasive detection of a single molecule, radical or ion, 
the determination of its precise coordinations, and the characterization of its 
structural conformations, as well as its internal dynamics and energetics, as 
a function of time and environmental perturbations. Near-field optical mi¬ 
croscopy and spectroscopy is a new tool providing hope for highly improved 
imaging of thin organic films at microscopic scale [9.46] and at single molecule 
level [9.5-9.7,9.18,9.33]. Near-field spectroscopy has also been applied within 
living cells [9.47]. 


9.2.1 Near-Field Optical Microscopy 

Techniques such as STM and AFM come close to the ideal of single molecule 
electrical and mechanical detection but there are still some challenges that 
are particularly acute for soft organic/biological molecules. The detection 
of optical properties of single molecules below diffraction limitation could 
lead to more detailed information on the internal energetic structures of the 
molecules. 

Individual carbocyanine dye molecules in a submonolayer spread have 
been imaged with NSOM [9.6]. About two dozen isolated dye molecules can 
be imaged within seconds. The imaging resolution is about 50 nm, and the 
molecular location is resolved within about 25 nm in the horizontal plane, 
and 5 nm in the vertical direction. Furthermore, the much smaller molecular 
transition dipole is a point detector mapping out the electric-field distribution 
of the near-field light source. In addition to imaging individual dye molecules, 
one can also obtain information on the orientation of these molecules (via 
polarization and transition dipole fitting). 

The microscopic diffusion behavior of rhodamine-6G (R6G) molecules 
embedded in a thin film matrix of polvvinylbutyral (PVB) was studied by 
NSOM. The dye molecules were excited by the evanescent field of the NSOM 
probe (17 nW at A = 514.5 nm) [9.48], Two distinctively different types 
of behavior were revealed. At submicrometer scale, a non-uniform diffusion 
behavior was identified that can be attributed to the reptation-like motion 
of macromolecules (Fig. 9.6). Observations at a larger scale show r ed the dif¬ 
fusion is dominated by random-walk behavior. The orientation-dependent 
fluorescence intensity was ascribed as a source of inhomogeneous emission. 

Using cantilevered probes, the fluorescence molecules l,l'-dioctadecyl- 
SAA'A'-tetramethylindocarbocyanine perchlorate (dilCig) within a matrix 
of L-a-dipalmitoylphosphatidyl-choline (DPPC) monolayer can be resolved 
in ambient and water conditions [9.49]. Since in this operation mode the 
probe-sample distance is controlled by the tapping mechanism, the drive am¬ 
plitude may have some effect on the NSOM image resolution. It was found 
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1 pm 


Fig. 9.6. a NSOM fluorescence image of dispersed R6G molecules, and b the 
trajectories of the molecules from seven consecutive images (extracted from [9.48]) 





Relative frequency {GHz) 


Fig. 9.7. Schematic of combined NSOM and confocal microscope using single flu¬ 
orescence molecules as the light source (extracted from [9.50]) 


that by reducing the drive amplitude, the aperture of the cantilevered probe 
can remain within the collimation zone, generating high-resolution images of 
soft sample surfaces. 

The micrometer-sized crystal p-terphenyl with doping concentration of 
terrylene was attached to an optical fiber probe suitable for standard NSOM 
operation in combination with a confocal microscope, as shown in Fig. 9.7 
[9.50], Both topography and optical (using the fluorescence of single terry¬ 
lene molecules) images of a two-dimensional array of aluminum islands can 
be obtained with such probes. The contrast of the sample features displays 
a variety of patterns for different tip-sample separations. Theoretical simu¬ 
lations of photonic local density of states based on Green’s dyadic formalism 
suggest that the observed patterns result from the variation of molecular 
orientations [9.51]. 
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9.2.2 Near-Field Optical Spectroscopy 

Both topographic and spectroscopic information can be obtained with near¬ 
field optics configurations. Near-field scanning optical spectroscopy (NSOS) 
[9.10,9.43] is based on NSOM. NSOS inherits all the advantages of NSOM, 
adds a spectral dimension to the near-held optics technique, and can be used 
to obtain spectra of various nanostructures, such as nanocrystals and quan¬ 
tum wells. The ability to obtain spectroscopic information at a nanometer¬ 
sized resolution makes NSOS very promising for a wide variety of scientific 
research topics. Examples include the detection of fluorescent labels on bio¬ 
logical samples, and isolating local nanometer-sized heterogeneities in micro¬ 
scopic samples. The luminescence spectrum of single quantum wells obtained 
by near-field excitation revealed additional fine features in the spatial dis¬ 
tribution of internal sites [9.52]. Researchers have also studied microscopic 
crystals in order to demonstrate that nanoscopic inhomogeneities can be de¬ 
tected in w T hat might at first appear to be a homogeneous sample [9.43], 

The ultimate goal of the NSOS method is to obtain spectroscopic infor¬ 
mation with single molecules. The NSOS apparatus is quite similar to that 
of NSOM [9.10]. In NSOS, an optical probe with an emissive aperture that 
is submicrometer in size is positioned such that the sample is within the 
near-field region. With piezoelectric control of the fiber tip, the tip can be 
accurately positioned over a fluorescing region of the sample, and a spectrum 
recorded. Excitation of the sample can either be external, wfith detection 
through the fiber tip, or by dithering fiber tip itself, with subsequent de¬ 
tection of the emitting photons. This means that it is not necessary for the 
sample to be of any particular thickness or opacity, but it should nevertheless 
be a relatively smooth surface. Optical probes used in NSOS are the same 
nanometer-sized optical fiber light sources for sensor preparation [9.9,9.10]. 
The experimental apparatus for measuring fluorescence spectra with high 
spatial resolution is sketched in Fig. 9.8. Here, a 422-nm line from a HeCd 
laser is coupled into an optical fiber with a high-precision coupler. The fiber 
tip is mounted in a hollow tube of piezoelectric material, which is positioned 
by the usual STM control electronics. 

In a typical experimental setup for NSOS, a sample (deposited on a glass 
slide) is mounted on the near-field microscope such that it is perpendicular 
to the exciting tip, and the entire apparatus rests on the base of an inverted 
frame microscope for external collection. Excitation of the sample via the fiber 
tip generates fluorescence that is collected by an objective, filtered (to remove 
laser light), and collimated before exiting the microscope. The fluorescence 
is then focused onto an optical multichannel analyzer (OMA), and thus the 
data are collected and analyzed in a computer. 

A variety of samples have been studied to date. For example, films 
of a 1.0 wt.% mixture of tetracene in polymethylmethacrylate were pre¬ 
pared by spin-coating a dichloromethan solution on a glass slide [9.43], 
Tetracene/PMMA films examined under the fluorescence microscope show 
microaggregates of tetracene with an average size of about 10 pin embedded 
in the polymer. The background fluorescence from the film appears greenish- 
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Fig. 9.8. An example experimental setup for near-field spectroscopic measurements 
(extracted from [9.43]) 


yellow, and is presumed to be from either isolated molecules, or crystals 
smaller than the minimum size that can be resolved with a conventional mi¬ 
croscope. What is surprising about the aggregates is that this fluorescence 
ranges in color from green to yellow to red. Thus, the macroscopic fluores¬ 
cence spectrum obtained with conventional (far-field) light source excitation 
is very broad, containing contributions from the background and all colors 
of aggregates. With NS OS, it is then easy to excite a specific aggregate and 
record the fluorescence spectrum of individual clusters. 

By obtaining the characteristic spectra of a single-molecule or molecular 
aggregate, the mechanism of light—matter interaction may be different in 
the far- and near-field regimes, leading to different spectral selection rules 
and, in particular, to an enhanced cross section of light absorption (and 
thus fluorescence) [9.9]. These phenomena are an extra bonus for near-field 
detection. Similar SMD work has been done on rhodamine-6G molecules. The 
photophysics and photochemistry of this molecule have been investigated on 
the single molecule basis [9.7]. In short, the NSOM approach to SMD permits 
the determination and localization of single-dye molecules. 

Near-field spectroscopy on single molecules of l^'-dioctadecyl-S^S'jS'- 
tetramethyl indocarbocyanine (dil) dispersed in PMMA film in ambient 
conditions revealed inhomogeneous fluorescence spectral properties, such as 
shifts of peak position, spectra shape and width, as well as time dependence 
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Fig. 9.9. Fluorescence spectra of two adjacent clil molecules (extracted from [9.53]) 



Fig. 9.10. NSOM measured fluorescence decay of single LHC II molecules dispersed 
in membrane bilayer. Upper spectrum is the residue signal and the insert is the 
instrument response function (extracted from [9.56]) 


(Fig. 9.9) [9.53]. The cause of the variation could be associated with the lo¬ 
cal polarization environment. For example, the narrow width spectrum peak 
could indicate that the fluorophore is located in a more rigid matrix environ¬ 
ment, in contrast to that of the broader spectrum peak. 

Fluorescence intensity jumps of single sulforhodamine 101 molecules hor¬ 
izontally adsorbed on a glass surface were shown to change coherently with 
the modulation of parallel polarized excitation by using near-field spec¬ 
troscopy [9.54], The perpendicular polarization excitation had no effect on the 
fluorescence spectrum. The intensity jump was thus attributed to the spectral 
fluctuation, and any effect of molecular reorientation could be excluded. 

In a related study, the spectral fluctuation of single sulforhodamine 
101 molecules immobilized in PMMA matrix was analyzed with an epi- 
illumination microscope [9.55]. A characteristic double exponential behavior 
was observed in the autocorrelation function of the emission trajectories. It 
was further identified that the fast component is independent of the excita- 
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tion rate and wavelength, whereas the slow component displays discernible 
dependence on the excitation parameters. The authors concluded that the 
fast component reflects spontaneous fluctuation at room temperature, which 
could be caused by intramolecular conformational change or changes in in- 
termolecular nuclear coordinates. The slow component is a photo-induced 
fluctuation possibly related to the photoexcitation of the molecule, or radi¬ 
ationless relaxation from the triplet state. The individually dispersed light¬ 
harvesting complex (LHC II) in a thylakoid membrane bilayer was examined 
with NSOM operated in shear force mode [9.56], The fluorescence decay spec¬ 
trum obtained with time-correlated single photon counting at the positions 
of the LHC II revealed a double exponential with lifetime of 450 and 2.7 ps 
(Fig. 9.10). 

The formation of fluorescent fibers as a result of fibrous assembly of 
pseudo-isocyanine dye (PIC) l,l'-diethyl-2,2 / -cyanine and poly(vinyl sulfate) 
(PVS) was studied with NSOM. The polarized fluorescence spectrum revealed 
that the fluorophores are aligned along the main axis of the fiber. A cross- 
linking mechanism was proposed to describe the assembly and formation of 
larger fibers from cationic dye and anionic polymer molecules [9.57]. 

The metallic coating of the NSOM tip was found to have appreciable effect 
on the spectral characteristics of fluorophores [9.18,9.54,9.58]. The example 
can be best seen in the measurement of the decay behavior of individual 
sulforhodamine 101 molecules [9.54,9.58] and rhodamin 6G molecules [9.59], 
which can be approximated as flat-lying dipoles. The lifetime of the molecule 
was seen to be longest when the NSOM tip was over the center of the 
molecule, and to decrease as the tip moved away from the molecule while 
keeping a constant height of 5 nm. By contrast, an increase of lifetime was 
observed as the NSOM tip, positioned 30 nm above, moved away from the 
molecule. Such dependence of fluorescence lifetime on the geometric position 
of the NSOM tip was interpreted on the basis of theoretical simulation (finite- 
difference-time-domain, FDTD method) of a horizontal oscillating dipole in 
the vicinity of the metallic medium [9.58], It was found that the radiative 
energy transfer is dominant at larger tip-sample separation, whereas non- 
radiative energy dissipation is more pronounced at small tip-sample separa¬ 
tion. 

The static Stark effect was observed as the electric field induced a shift of 
fluorescence line for pentacene in p-terphenyl matrix [9.60]. The static electric 
field was introduced by the metal coating of the NSOM tip. Similar effects 
were demonstrated for pentacene and terrylene using a dielectric microsphere 
under optical excitation [9.61]. 


9.2.3 Fluorescence Resonance Energy Transfer (FRET) 

Studied by NSOM 

Fluorescence resonance energy transfer (FRET) between a donor molecule 
and an acceptor molecule can be characterized by the transfer efficiency in¬ 
troduced in the preceding chapter. 
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NSOM has been used to observe the fluorescence of single donor-acceptor 
pairs consisting of oligonucleotide TMR-10-TR (TMR: tetramethylrhoda- 
mine, donor molecule; TR: Texas Red, acceptor molecule; 10: number of 
DNA base pairs) [9.62]. The target molecules were immobilized on amino- 
propyl-silane (APS) treated glass surfaces. The fluorescence spectra of single 
donors and acceptor molecules were obtained, as well as their photobleaching 
behavior. 

The energy transfer efficiency can be estimated based on the intensity 
change in the emission spectrum. 

1. Donor photobleaches first: 


Ip ~ -Td a 
Id — aIu A 


2. Acceptor photobleaches first: 


E = 


1 + 


^Da 

Ja d 



where Id a is the integrated donor emission before acceptor photobleaching, 
Id is the integrated donor emission after acceptor photobleaching, a, (<1) the 
fraction of acceptor absorption that remains after photobleaching, Ja d the 
integrated area of the sensitized emission of the acceptor, and $ the quantum 
yield for the donor-only or acceptor-only complexes. 

The images are recorded in an array of 128 x 128 pixels, with an integration 
time per pixel of 10 ms. Both images were obtained simultaneously by 
separating the emission with a dichroic mirror at 600 nm, and collecting the 
signals on two APD detectors (Fig. 9.11). The two color images are overlaid, 
and their red-green-blue values are added together to form the composite 
image of Fig. 9.11c. There is a considerable amount of cross-talk between the 
channels, due to dichroic polarization sensitivity and to spectral overlap of 
the two fluorophores. To minimize this cross-talk, narrow bandpass filters are 
placed in front of the detectors. The number of red, green, and yellow spots 
can be used as a crude estimate of the degree of DNA hybridization on the 
dry surface [9.62], 

In another approach, the donor and acceptor molecules are decorated to 
the NSOM probe and sample (glass slide) surfaces separately [9.63,9.64]. 
By pressing the probe to the sample surface using the shear-force method, 
the separation between donor and acceptor molecules can be controlled and 
the accompanying fluorescence intensity can be monitored, reflecting the ef¬ 
ficiency of energy transfer between donor and acceptor species. In such stud¬ 
ies, the acceptors (OM-57: l-butvl-3,3-dimethyl-2-[5-(l-butyl-3,3-dymethyl- 
3H-benz[e]indolin-2-yliden)-l,3-pentadienyl]-3H-benz[e]indolium perchlorate) 
are attached to the probe apex, so that the FRET process involves only the 
donor molecules (DCM: 4-dicyanmethylene-2-methyl-6-(p-dimethylamino- 
styryl)-4H-pyran) directly underneath the probe apex. 
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Fig. 9.11. Two-color near-field scanning fluorescence images of doubly labeled 
DNA molecules, obtained with linearly polarized excitation light (along the white 
1-mm scale bar). The donor channel image (a) is colored in green. The acceptor 
channel image (b) is colored in red (extracted from [9.62]) 


9.3 Other Near-Field Optical Microscopy 

9.3.1 Near-Field Optical Chemical Sensors 

Microspectroscopy has often been utilized for chemical analysis and biolog¬ 
ical intracellular analysis. For instance, a reagent is introduced into a cell 
(e.g., with a micropipette under the microscope) and the color or spectrum 
of the cell changes and provides information about the pH or the calcium 
content of the cell. Fiber optical chemical sensors have been developed for 
such measurements [9.65]. However, their spatial resolution is limited by the 
physical size of the optical fiber, typically 100 pm. A spin-off from NSOM 
technology is the development of submicrometer, subwavelength near-field 
optical chemical sensors (NOCS) [9.4,9.21]. Their chemical preparation by 
photopolymerization is based on near-field optical excitation, which limits 
the size of the produced probe [9.66], In addition, the sensing occurs in the 
near-field regime of the optical excitation, thereby highly increasing the sen¬ 
sitivity per photon and per sensor molecule. This near-field operation has 
decreased the volume needed for non-destructive analysis to well below a 
femtoliter [9.21], Such a subw r avelength pH sensor is schematically shown in 
Fig. 9.12. 

The first biological application of submicrometer NOCS [9.4, 9.66] was 
demonstrated for 10- and 12-day-old rat conceptuses. The NOCS consist 
of an aluminized fiber tip with a co-polymer supertip containing the pH- 
sensitive dye [9.21], The analysis is based on ratios of fluorescence intensities 
at different wavelengths of the same spectrum, or on ratios of fluorescence 
intensities at different w T avelengths of two different spectra obtained by tw r o 
different excitations (ratios of ratios), providing for internal calibration [9.4]. 
Intra-embryo pH values were 7.55 for 10-day rat conceptuses, and 7.27 for 
12-day rat conceptuses. These values are in good agreement with the reported 
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Fig. 9.12. Schematic of a chemical sensor derived from an NSOM probe 

results for “homogenized” rat conceptus samples, where more than 1,000 em¬ 
bryos had to be crushed. By contrast, only a single embryo was needed for 
the pH measurements via miniaturized NOCS. In addition, chemical dynamic 
alterations in pH of intact rat conceptuses, in response to strong variation 
under environmental conditions, have been recorded. This is the first time 
that such an experiment has been carried out on a single, live rat embryo. 
The ability of the sensors to measure pH changes, in real time, in the intact 
rat conceptus demonstrates their potential application for dynamic analysis 
in small multicellular organisms and single cells. 

Compared to conventional devices [9.65], a thousand-fold miniaturiza¬ 
tion of immobilized optical fiber sensors, a million-fold or more sample- 
size reduction and at least a hundred-fold shorter response time have been 
achieved by combining nanofabricatcd optical fiber tips with ncar-ficld photo¬ 
polymerization. Also, the submicrometer sensors have improved the detection 
limits by a factor of a billion [9.21], 


9.3.2 Scanning Exciton Microscopy 

The concept of active light sources enables a totally new mode of NSOM, 
based not on the blocking or absorption of photons but rather on quench¬ 
ing directly the energy quanta that otherwise would have produced photons. 
For instance, a thin, localized gold film (or cluster) can quench an excitation 
(or exciton) that would have been the precursor of photons. Furthermore, a 
single atom or molecule on the sample could quench (i.e., by energy trans¬ 
fer) the excitations located at the tip of the light source. For simplicity, we 
assume that the active part of the light source is a single atom, molecule or 
crystalline site, serving as the “tip of the tip”. This quenching energy transfer 
from the excitation source’s active part (donor) to the sample’s active part 
(acceptor) may or may not qualify technically as an NSOM technique. How¬ 
ever, it is currently our best option for single-atom or molecule resolution and 
sensitivity. This technique is basically a quantum optics microscopy. It has 
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been called scanning exciton microscopy (SExM) [9.67], and also molecular 
exciton microscopy (MEM) [9.68], 

MEM is conceptually quite similar to STM. The excitons “tunnel” from 
the tip to the sample. However, there is no driving voltage or field. Rather, 
it is the energy-transfer matrix element that controls the transfer efficiency. 
Its unusual matrix elements allow us to reach one of the highest sensitivity 
to distance, higher than that of STM and comparable to that of AFM. In 
addition, the most striking result of this direct energy transfer is its ultrahigh 
sensitivity to isolated or single molecular chromophores. The quantum-optics 
energy transfer is highly efficient within the range of the Forster radius. 

Thus, a single excitation can be “absorbed” by the sample acceptor. By 
contrast, based on the Beer-Lambert law, about a billion photons are needed 
to excite a single acceptor in the absence of other acceptors. Furthermore, as 
the distance range is limited to about 10 nm for the direct energy transfer, 
MEM is as much a near-field technique as STM or AFM, i.e., very sensitive in 
the single digit nanometer range, and much less sensitive beyond 10 nm. How¬ 
ever, in combination with conventional NSOM, the range can be extended 
to about 200 nm. Thus, MEM is a technique able to “zoom in” from macro¬ 
scopic to nanoscopic distances. Obviously, such a “zooming in” enhances the 
speed of operation. It also allows use to use a much more universal range 
of samples, from metal spheres and clusters to soft, in-viva biological units. 
In addition, MEM can use fluorophores, metallic clusters, etc., to enhance 
contrast, sensitivity and resolution with the help of NSOM. It can also be 
used in conjunction with lateral force feedback, similarly to NSOM. 



10 Surface-Enhanced Raman Scattering 
(SERS) of Single Molecules 


10.1 Introduction of SERS Effect 

The principle of Raman spectroscopy is based on the inelastic scattering 
of photons due to molecular vibrational energy states [10.1]. The molecule 
under excitation radiation can be excited to a virtual state, and followed by 
relaxation to a vibrational level by emitting a photon. In the elastic process, 
i.e., the final state is the same as the initial state prior to excitation, the 
frequency of the emitted photon is the same as the excitation, and the process 
is so-called Rayleigh scattering. In the case where the final state differs from 
the initial state, the difference between the emitted photon and the excitation 
photon is called the Raman shift. If the final vibration level (ground level) is 
low r er than the initial one (first excited level), then there will be a blue shift in 
emitted photon frequency. This is the so-called anti-Stokes line. By contrast, 
if the final state (first excited level) is higher than the initial level (ground 
level), a red shift will occur that is called the Stokes line. An illustration of 
the Raman scattering process is given in Fig. 10.1. The relative intensities of 
Stokes and anti-Stokes lines reflect the population ratio of the ground and 
first excited vibration levels. The application of Raman spectroscopy has been 
established as an important venue for studying intramolecular vibrational 
characteristics. 

The Raman scattering cross section of single molecules is typically on the 
order of 10 -29 cm 2 , compared to 10 -16 -10 -19 cm 2 for fluorescence cross sec¬ 
tions [10.1]. Therefore, a large enhancement of the Raman signal is critical to 
the practical detection of molecules. Large enhancement effects from rough¬ 
ened metal surfaces were first reported in 1974 by Fleischmann et al. [10.2], It 
was soon suggested that either the local electric field of the excitation photon 
or the resonance Raman scattering contributed to the observed enhancement 
of the Raman signal [10.3,10.4]. Extensive investigations since then have been 
focused on revealing the mechanisms of such enhancement effects. The find¬ 
ings have been grouped in two major enhancement mechanisms, i.e., electric 
field effect or chemical effect [10.5—10.7]. Recent studies on single molecules 
adsorbed on nanometer-size metal particles have stimulated renewed interest 
on this topic. 

Regarding the electric field effect, note that the Raman signal intensities 
at Stokes frequency and anti-Stokes frequency depend on the excitation in¬ 
tensity linearly and quadratically, as a result of the population of first excited 
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Fig. 10.1. Schematic illustration of normal Raman scattering (upper panel ) and 
surface-enhanced Raman scattering (lower panel) (extracted from [10.7]) 


vibrational state [10.8]. The electric field inside the sphere and at the surface 
of a metallic sphere (dielectric constant £ = s' + is") surrounded by medium 
with dielectric constant s m (s m = 1 in vacuum) can be written as: 

E in = (10.1) 

3 

E sm = 0 — E 0 (10-2) 

where Eq is the incident field. For plasmon resonance, one would expect s' 
close to —2, leading to a large electric field at the surface. The imaginary part 
s" of the dielectric constant for noble metals of Ag, Au, and Cu is relatively 
small (s = —2 + 0.2z for Ag at 380 nm [10.9]). These factors add up to result 
in a greatly enhanced electric field at the surface of noble metals. 

The enhancement factor can be expressed in a general form as: 

E(r m ,w) 
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Fig. 10.2. Illustration of EM effect on SERS. The enhancement is shown to be 
dependent on the excitation energy and the separation between local protrusions, 
a Illustration of different intersphere separations, b Calculated enhancement of 
electric field at the cylinder surfaces (extracted from [10.13]) 


It should be noted that the shift of Raman frequency and the molecular po¬ 
sition relative to the metal surface could also affect the actual enhancement 
factor [10.10,10.11]. For a simplified model of a sphere surface, the consider¬ 
ations lead to the expression [10.11]: 
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(10.3) 


where and ojs are the laser frequency and Stokes frequency, respectively, 
r the sphere radius, and d the molecule-sphere distance. Enhancement of 
single particles was shown to be around 10 11 or less [10.12]. The magnification 
of the electric field in the contact regions of metallic objects was shown to 
lead to an enhancement factor of around lO 6 -^' (Fig. 10.2) [10.13], 

On the other hand, it was also observed that for molecules having similar 
Raman scattering cross sections, very different enhancement factors could be 
obtained under comparable experimental conditions. The well-know example 
is that adsorbed CO molecules have much stronger (about 2 orders of mag¬ 
nitude) Raman scattering than that of N 2 , whereas they have similar Raman 
scattering cross sections in free state. This has been attributed to the possible 
charge exchange between the adsorbed molecules and the metal substrate, ei¬ 
ther from the HOMO to the Fermi level of the metal, or from the Fermi level 
of the metal to the LUMO of the molecule, as illustrated in Fig. 10.3. An¬ 
other relevant observation is the potential dependence of Raman scattering 
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Fig. 10.3. Schematic of charge exchange between the substrate and the orbitals of 
adsorbed molecules (extracted from [10.14]) 


under electrochemical conditions. This evidence led to the consideration of 
effects due to the chemical nature of the molecular adsorbate, referred to as 
“chemical enhancement effect” [10.14], The theoretical analysis of the chem¬ 
ical enhancement effect requires considering the integrated molecule-metal 
system, rather than the individual components [10.15]. 

Improved signal-to-noise ratios can be obtained for studies at low tem¬ 
peratures in liquid nitrogen [10.16]. The dielectric constant depends on tem¬ 
perature, as a result of electron collision frequency [10.17,10.18]. 


10.2 SERS of Single Molecules 

10.2.1 Single Particle SERS Effect 

The SERS of individual rhodamine 6G (R6G) molecules on single Ag nanopar¬ 
ticles at a dye—particle ratio of 1:10 revealed a surprisingly high enhancement 
factor on the order of 10 14 to 10 15 [10.19], The number of observed “hot” spots 
is roughly one in 10 3 particles. In addition, the polarization of the incident 
beam was related to the particle orientations. AFM observations showed a 
range of 110-120 nm in diameter for most hot particles. Other forms of sin¬ 
gle particles or small aggregates were also observed. The spectral fluctuation 
behavior, with peak position changes as large as 10 cm -1 and typically on 
the order of seconds, was observed to vary slightly among hot particles. 

Several types of Ag nanoparticles show very high enhancement factors for 
SERS studies of single R6G molecules, including rod-like and faceted par¬ 
ticles, as well as particle aggregates [10.19], The concentration of R6G was 
below 7 10 -10 M to ensure less than one molecule on average being adsorbed 
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Fig. 10.4. Calculated electrical field enhancement contours of a triangular Ag 
prism. The incident beam passes midway across the prism (extracted from [10.20]) 


onto a single nanoparticle. The observed SERS features from in-plane C-C 
stretching modes at 1,657, 1,578, 1,514, 1,365, 1,310, and 1,184 cm -1 are 
similar to the SERS spectra in the bulk state and solution resonant Raman 
of R6G. The observed SERS of single R6G molecules also depend on the 
excitation polarization, and have spectral jumps (in both frequency and in¬ 
tensity) characteristic of single molecule measurements. The reported high 
enhancement factor was on the order of 10 14 to 10 15 , and is attributed to the 
absence of population-average effects. 

Simulations of the enhancement effect of single nanoparticles with spheres, 
spheroids, and triangular shapes were performed using modified long wave¬ 
length approximation (MLWA) and discrete dipole approximation (DDA) 
methods [10.20]. The results clearly indicate that the enhancement of the 
electromagnetic field is high near particle surfaces. For non-spherical nanopar¬ 
ticles, such as spheroids and triangular-shaped particles, the maximum en¬ 
hancement occurs at the sites of a curved surface, such as tips or protrusions 
(Fig. 10.4). It was also shown that the dielectric effect of the surrounding 
solvent, as well as the supporting substrate also contribute to the shift of 
local surface plasmon resonance frequency. 

The enhancement effect of Ag nanoparticlcs fabricated by the nanosphcrc 
lithography method was studied using Fe(bpv) 3 + as model system [10.21]. 
The enhancement factor for trangular-shaped Ag particles of 117-nm width 
and 27-nm height was estimated as around 1 x 10 s , and the enhancement 
factor for SERRS is greater than 7 x 10 9 . 

A blue shift of as much as 40 nm was observed as the spacing was re¬ 
duced between the periodic arrays of Ag nanoparticles (both circular and 
triangular-shaped) [10.22], This is in contrast to the generally observed red 
shift for planar arrays as a result of dipole interactions. The long-range cou¬ 
pling mechanism of radiative dipole interaction and retardation effect was 
proposed to explain the observed blue shift in the periodic arrays. 

10.2.2 SERS of Nanoparticle Aggregates 

Evidence of single molecule Raman scattering spectra was demonstrated in 
experiments with an average of 0.6 crystal violet dye molecule in a detec- 
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(relative units) 

Fig. 10.5. a Distribution of Raman signal intensity at 1,030 cm -1 for 100 crystal 
violet (CV) molecules in the detection volume, b SERS intensity at 1,174 cm -1 for 
six CV molecules, c 0.6 CV molecules in the detection volume at 1,174 cm -1 . The 
discrete distribution is evident in c (extracted from [10.23]) 


tion volume of about 30 pi [10.23], with excitation wavelength of 830 nm. 
This study was performed in the solution state with the CP concentration 
an order of magnitude higher than that in [10.19] and the dye-particle ra¬ 
tio at 1:100. The effective cross section of the crystal violet dye molecules is 
around 10 -1 ' to 10 -16 cm 2 per molecule. A distinctive discrete distribution 
of SERS measurements at 1,174 cm -1 characteristic line shows the effect of 
0-3 molecules in the detection volume (Fig. 10.5), which was not observ¬ 
able when the concentration corresponded to six molecules in the detection 
volume. 
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Fig. 10.6. Time-dependent R6G SERS spectrum on a single Ag particle at 10 mM 
bromide concentration (extracted from [10.24]) 


Another important source of SERS is associated with the activation effect 
of ions at particle surfaces [10.24]. Systematic comparison of single molecule 
SERS of rhodamine 6G on Ag nanoparticles found that halide ions (Cl - , 
Br - , I - ) could contribute as much as 10 2 to 10 3 to the reported enhancement 
factor. The typical blinking behavior for single molecule detection was also 
observed in the study (Fig. 10.6). By contrast, thiosulfate ions can destroy 
the SERS activity. Other ions, such as citrate, sulfate and fluoride, have little 
effect on SERS activity. 

The Rayleigh spectra of Ag nanoparticles were studied by using dark-field 
optical microscope, and the correlation with Raman activity was explored. 
No consistent correlation could be established between SERS active parti¬ 
cles and the corresponding Rayleigh scattering spectra [10.25]. The proposed 
mechanism points to the charge exchange interaction between chemisorbed 
organic molecules and the Ag particles. 

It was identified by using atomic force microscope (AFM) that the junc¬ 
tion sites between Ag nanoparticles are predominantly SERS active of rho- 
damin 6G (R6G) molecules (Fig. 10.7) [10.26]. 

The depolarization of the R6G molecules at the “hot” spots was studied 
by measuring the dependence of s and p polarization intensities of the emitted 
fluorescence on the sample orientation. 
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Fig. 10.7. Examples of SERS-active Ag aggregates observed by AFM (extracted 
from [10.26]) 


where 7 SS is the s-component of the emission intensity, and 7 sp is the p- 
component of the emission component. Excitation intensity is s-polarized. 

It was found that both Raman peak intensity and the continuum por¬ 
tion of the signal varied coherently with sample orientation (Fig. 10.8), sug¬ 
gesting that the molecule was attached to the “hot” spot with fixed orien¬ 
tation [10.27,10.28], The continuum portion was ascribed to the electronic 
Raman scattering from the defect sites of the Ag clusters. 

Kneipp et al. [10.29] studied non-linear Raman effects of crystal violet 
on Ag colloids at single molecular level. The surface-enhanced hyper-Raman 
spectrum (SEHRS) was shifted relative to the second harmonic of excitation 
frequency, and can be recorded as the second-order diffraction of monochro¬ 
mator. The intensity of SEHRS depends quadratically on the excitation in¬ 
tensity [10.29,10.30], A strong enhancement effect was observed, with an 
enhancement factor on the order of 10 20 using near-infrared excitation, com¬ 
pared to the reported enhancement factor of about 10 14 for crystal violet 
on Ag nanoparticles. Enhanced Raman signals at anti-Stokes frequency were 
also found to depend on laser intensity quadratically as expected. 

Using near-infrared (830 nm) excitation, SERS of 1 or 2 l,l'-diethyl- 
2,2'cyanine or pseudoisocvanine (PIC) molecules (absorption band at 530 nm) 
adsorbed on colloidal Ag particles (diameter 15-40 nm) in methanol solution 
were obtained. The enhancement factor was estimated at about 10 13 [10.31], 
Detailed study on the intensity fluctuation of SERS spectra of single R6G 
on Ag nanoparticles revealed a clear dependence on excitation laser power 
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Fig. 10 .8. Angular variation of the polarization parameter from R6G adsorbed on 
Ag nanoparticles (extracted from [10.27]) 


and anion concentration [10.32]. The fluctuation of the C-H bend vibration 
bands was found to be more apparent than the in-plane stretch vibration 
bands. Seeing that thermal-stimulated processes could be excluded based on 
the estimate of temperature rise by incident laser, the lateral diffusion of 
adsorbed molecules was suggested as the main cause of the observed spectral 
fluctuation. Furthermore, the driving force of the diffusive motion can be 
associated with the possible effect of charge transfer between the molecule 
and metal substrate. 

Single dye molecules of bis(benzimidazo)-pervlene (AzoPTCD) were dis¬ 
persed in a matrix of Langmuir-Blodgett film of eicosanoic or arachidic 
acid (C 19 H 39 COOH). SERRS spectra were obtained on a film of about one 
AzoPTCD per square micrometer supported on Ag thin films [10.33]. The 
comparison of SERRS and resonant Raman spectrum (RRS) revealed char¬ 
acteristic differences in the relative intensity (Fig. 10.9), fwhm, and wavenum¬ 
bers, possibly due to the excimer excitation present in the molecular aggre¬ 
gates. 

Resonant excitation can be achieved by either plasmon resonance of the 
colloidal particles or the adsorbed molecules. Furthermore, both excitations 
could be achieved in specific systems. Photobleaching behavior of single R 6 G 
molecules adsorbed on Au nanoparticles was identified under double reso¬ 
nance condition, i.e., both R 6 G molecule and Au nanoparticles are simulta¬ 
neously resonant [10.34]. This was achieved by selecting the specifically sized 
colloidal particles displaying overlapping absorption spectra with the adsor- 
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Fig. 10.9. SERRS of single AzoPTCD molecules and RRS of neat AzoPTCD film 
on glass (extracted from [10.33]) 
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Fig. 10.10. Step-like behavior of SERRS signal duration for single R6G molecules 
(extracted from [10.34]) 


bate molecule. The resulting SERRS intensity displayed discontinuous distri¬ 
bution of duration, which is characteristic of single molecules (Fig. 10.10). 

The spectral fluctuation of SERS under low coverage of R6G or cy¬ 
tochrome c on Ag nanoclusters has studied with a setup consisting of an 
AFM and a scanning confocal Raman microscope [10.35]. The setup allows 
in situ analysis of the characteristics of individual Ag clusters with an over¬ 
lapping accuracy of 100 nm. The results revealed both photo-induced and 
spontaneous SERS fluctuations for R6G molecules, whereas mostly photo- 
induced fluctuations were observed for cytochrome c molecules. There are 
also large differences in the fluctuation behavior among clusters. 
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Fig. 10 .11. Raman spectra of (A) Hb crystal and ( B ) dense Hb film, and SERS 
signal for single Hb molecules at “hot” sites. C1-C6 and D1-D6 are two time series 
of SERS. The excitation intensity was 1 mW in A and 1 ll\\ in B-D (extracted 
from [10.37]) 


The possible causes of spectral fluctuations include: 

( 1 ) Charge transfer between adsorbate and substrate; 

( 2 ) Inhomogeneity in surface work functions; 

(3) Rotational and lateral motions of the adsorbates. 

Such fluctuations could be more pronounced in single molecule studies. A 
number of SERS studies have been seen focused on individual biomolecules. 
SERS of adenine molecules adsorbed on Ag nanoparticles was observed by 
Ishikawa et al [10.36]. The blinking behavior of the SERS signal suggested 
the observation was from individual adenine molecules, even though the con¬ 
centration was relatively high (about 10 -6 M). 

Single protein molecules of hemoglobin (Hb) showed significant SERS 
signals when immobilized between Ag particles approximately 100 nm in di¬ 
ameter [10.37], The Hb molecule contains four Fe-protoporphyrin prothetic 
hemegroups embedded in polypeptide chains. There are a- and j3- type sub¬ 
units coexisting in the protein. The concentration of Hb was 1 x 10- 11 M, 
and the molecule to particle ratio was about 1:3 to achieve single molecule 
distribution within a probe area 1 mm in diameter. The hot spots of enhanced 
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Fig. 10.12. SERS of single HRP molecules shows temporal fluctuations (/11-/110). 
The spectra D and E are ordinary resonance Raman spectra provided for compar¬ 
ison (extracted from [10.38]) 


Raman signal came predominantly from the sites connecting two or three Ag 
particles. In addition, the Raman active dimers with their dimer axis parallel 
to the incident beam electric field produced highest SERS signal intensity. 
The effective enhancement factor was estimated at about 10 10 . In addition, 
appreciable spectral fluctuations of peak intensity and positions were ob¬ 
served for single Hb molecules (Fig. 10.11). There could be multiple factors 
associated with the fluctuations, such as variations of protein conformation, 
adsorption state, and particle motion. 

The observed enhancement effect was accounted for by considering the 
amplification of the electric field due to the coupling between incident light 
and surface plasmon of the particle surface. By reducing the separation be¬ 
tween particles, further enhancement of the local electric field between the 
particles can be obtained. Theoretical simulations using incident beams of u>i 
= 514.5 nm and u) v = 1. 500 cm -1 led to an optimized particle size of around 
90-nm diameter. 
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SERS studies on horseradish peroxidase (HRP) adsorbed on Ag nanopar¬ 
ticles revealed similar spectral fluctuation behavior. Appreciable shifts of 
marker mode frequencies at 1,375, 1,575 and 1,630 cm -1 were found at the 
excitation wavelength of 514.5 nm (Fig. 10.12) [10.38]. Spectral fluctuation of 
tyrosine (Tyr) molecules on immobilized Ag colloidal particles also revealed 
abrupt spectral changes [10.39]. The addition of chloride anion was found to 
have minimal effect on the Tyr SERS features. 

The scattering cross section a can be estimated from the following ex¬ 
pression: 

a = 4t TlA/{f2sNc/)) 

where I is the number of recorded counts, A the sample area, 1? the measure¬ 
ment solid angle of the spectrometer, £ the ratio of the recorded counts to the 
collected photons, N the number of sampled molecules, and <P the incident 
photon flux. 

A value of 8 x 10 -30 cm 2 was estimated for the cross section of Tyr 
molecules in dense state, and of about 10 -1 ' cm 2 from SERS of single Tyr 
molecules. The ratio between the two cross sections results in an enhancement 
factor of about 10 12 . 


10.3 Tip-Induced SERS 

The combination of scanning probe microscopy and Raman scattering has the 
unique advantage of studying local regions at nanometer scale, and ultimately 
single molecules. The tip apex is unambiguously the location for enhancement 
effects due to localized electric fields. The high spatial resolution of the SPM 
technique could provide important structural information about the specific 
sites with enhancement effect. Another attractive merit of the tip method is 
that it may help differentiate the electromagnetic effect from the chemical 
effect, since the tip-surface separation can be readily adjusted to tune the 
local electric field strength. 

Using the apex of a metal tip or metal-coated AFM cantilever as an 
enhancement source, several groups have tried to combine STM and AFM 
with SERS detection or tip-enhanced-Raman-scattering (TERS). So far, the 
enhancement is reported at around 10,000 for molecules with large Raman 
cross sections [10.40], A recent study of CN- ions on Au(lll) surfaces and 
malachite green isothiocvanate (MGITC) on Au(lll) and Pt(110) surfaces 
using Au or Ir tips achieved an enhancement factor of 4 x 10 5 and 10 6 , 
respectively [10.41], 

The enhancement effect from metal-coated AFM cantilevers was demon¬ 
strated recently. This approach is based on the general model for SERS that 
the plasmon excitation of microscopic metal particles is a contributing factor 
for the SERS effect. Anderson [10.42] used a gold-coated AFM cantilever in 
combination with a Raman spectral instrument. The gold-coated probe was 
shown to generate detectable SERS signals on sulfur thin film, and also as a 
SERS substrate by attachment of small amounts of Cqo molecules. 
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Fig. 10.13. Tip-inclucecl enhancement of Raman signal of Ceo film when probing 
the area in the presence of an AFM tip approached with the tuning fork method 
(spectrum a). The control spectrums is recorded without AFM tip (spectrum b). 
Stars mark the C60 modes due to charge transfer with the gold tip (extracted 
from [10.43]) 


An enhancement factor of about 10 4 was estimated for the sulfur thin film. 
The enhancement effect can be optimized with silver, gold, and copper with 
grain diameters in the range of 10—200 nm. An enhancement factor of 2,000 
was estimated using a Ag-coated AFM tip of diameter about 50 nm over a 
molecular film of brilliant cresyl blue (BCB) adsorbed on glass slides [10.43], 
In a similar experiment, a Au tip with diameter below 20 nm produced an 
enhancement factor of about 40,000 over Ceo films (Fig. 10.13). 

The excitation laser can also pass through thin metal films to generate 
back-scattered signals. Cantilever-shaped optical fiber tips have been devel¬ 
oped to incorporate both AFM and Raman capabilities, as demonstrated in 
commercial systems of Nanonics Imaging Ltd. (www.nanonicsimaging.com). 
The AFM mode provides local topography information whereas Raman (far- 
field and near-field) can provide spectroscopic characteristics of the same 
surface position. 


10.4 Near-Field SERS 

In a parallel approach of studying SERS effects with the scanning probe 
method, NSOM has been applied to obtain localized topography, fluorescence 
as well as Raman information. The improved spatial resolution of NSOM 
could help in detailed analysis of surface properties at nanometer scale. In 
one study, near-field SERS of cresyl fast violet (CFV) and p-aminobenzoic 
acid on a silver film support was demonstrated using an excitation wave¬ 
length of 488 nm. The Raman scattering signal (or fluorescence signal) was 
collected through an optical fiber, showing a number of distinct features 
(Fig. 10.14a) [10.44], Common to the spectra in Figs. 10.15b and 10.15c 
are the broad feature around 450 cm -1 attributed to fiber glass, and the 
800 cm -1 peak corresponding to Si 04 . The aromatic stretch modes are rep¬ 
resented by the sharp peaks at 1,510 and 1,640 cm -1 for CFV, together with 
the ring breathing mode at 1,195 cm -1 (Fig. 10.14b). For CFV molecules, the 
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Fig. 10.14. a The combined setup of NSOM and Raman spectroscopy. The near¬ 
field excitation is introduced through the NSOM fiber Near-field SERS of b cresyl 
fast violet and c p-aminobenzoic acid obtained at Ag thin film surface (extracted 
from [10.44]) 
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Fig. 10.15. a Raman spectroscopy of single nanotubes at the excitation wavelength 
of 785 nm. The features marked by are ascribed to the Si/SiC >2 substrate, 
b AFM image of the isolated CNTs (extracted from [10.49]) 


excitation resonance enhancement also contributes to the observed SERS ef¬ 
fect. p-Aminobenzoic acid is characterized by values of 1,450 and 1,600 cm -1 
(deformation mode of amino group). The near-field SERS was also demon¬ 
strated for brilliant cresyl blue (BCB) labeled DNA [10.45], cresyl fast violet 
and rhodamine 6G [10.46]. The substrate was silver film and the excitation 
was the near-held at the apex of an NSOM tip. The observed near-held spec¬ 
trum is very similar to the far-held one. The spatial resolution was shown to 
be about 100 nm with this setup. A high local Raman enhancement factor 
of 10 13 was recorded at some surface sites. 

Near-held-induced Raman scattering of Rb-doped KTiOP 04 (KTP or 
potassium titanyl phosphate) was demonstrated using on a commercial 
NSOM [10.47]. Similar studies were performed on polydiacetylene nanocrys¬ 
tals, diamond hlms and polyphenylenevinylene (PPV) hlms using integrated 
NSOM and Raman spectroscopy [10.48]. So far, most of the reported SERS 
studies using probe methods are at nanometer scale, and it remains a chal¬ 
lenging task to observe SERS effects of single molecules by this approach. 
Improvements of probe apertures and sample preparations will be needed to 
advance the capability of resolving single molecule SERS effects. 


10.5 Raman Spectroscopy of Carbon Nanotubes 

Raman spectroscopy on isolated carbon nanotubes and bundles has provided 
useful information on the vibration and electronic properties of the material 
(Fig. 10.15) [10.49—10.51]. The transition between valence and conduction 
bands is known to strongly enhance the Raman signal. The G-band line shape 
can be a characteristic feature for the electronic properties (Fig. 10.16). 

The radial breathing mode (RBM) (cJrbm) is known to be proportional 
to the inverse of the diameter of a single-walled nanotube (D): 

223.5 


^RBM = 


D 


+ 12.5 


(10.4) 
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Fig. 10.16. G-bancl characteristics of graphite and carbon nanotubes. The 
linewidths are given in parenthesis (extracted from [10.49]) 


Therefore, curbm can be used as a unique and direct measure of struc¬ 
tural parameters of single-walled carbon nanotubes. In a recent study, both 
fluorescence and Raman spectra of single carbon nanotubes have been re¬ 
ported [10.52]. The detection of single molecules was supported by the obser¬ 
vation of identical polarization dependence for the fluorescence and Raman 
spectra. No spectral jumps of the fluorescence spectra were observed. The Ra¬ 
man spectra revealed the radial breathing mode (RBM) (around 300 cm -1 ) 
of the nanotube, and can be correlated with the diameter of the CNT. 

The results of SERS effects at single molecule level presented in this chap¬ 
ter may be only a partial reflection of the effort invested in this direction. 
Since Raman spectroscopy is an important aspect for molecular recognition, 
there is bound to be continued interest in pursuing the investigation on vi¬ 
brational properties of single molecules. This may prove to be particularly 
rewarding, considering the fast development of detection techniques such as 
probe microscopies on single molecules. 
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